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Abstract 
Supercritical carbon dioxide (sc-C02) is an excellent green solvent, but its properties are 
not thoroughly understood. For example, fluorinated compounds have higher than 
expected solubility in sc-C02. Microwave spectroscopy is one way to learn more about 
sc-C02 because it can be used to determine detailed structures of small clusters of 
molecules. The purpose of this investigation was to study weak hydrogen bonding 
interactions in complexes of fluorinated ethylene (solute) with carbon dioxide (C02, 
solvent). Investigations on dimers with one C02 molecule and fluorinated ethylene were 
carried out previously and found two different structures for vinyl fluoride (VF) ... C02, 
one structure for 1 ,  l -difluoroethylene ... C02 and one structure for 
tritluoroethylene . . .  C02. In this study, the trimer VF . . .  C02 . . .  C02 has been studied using 
chirped-pulse Fourier-transform microwave (CP-FTMW) spectroscopy. Four structures 
were predicted using theoretical calculations and two of these possible structures were 
observed experimentally. Based on measured rotational constants, and comparing 
intensities with predicted dipole components, the actual structures were predicted well by 
theoretical calculations. Both observed trimer structures have CH . . .  O interactions that 
are similar to the observed dimers. Weakly bound tetramers were the next step in the 
series of complexes of C02 with fluorinated ethylene. But before going to the next step, 
we were able to observe 5 constant difference patterns from original scans which were 
not previously assigned. Then these 5 patterns were fully assigned and the experimental 
rotational constants for the spectra were found. But the cluster formulas and structures 
associated with them were unknown. Then to find the structures for these unknown 
molecular clusters we collected additional scans with different C02 concentrations. These 
v 
data helped us to develop different analytical tools using MathCAD program for 
identifying the formulas for assigned spectra as well as extracting 5 more unknown 
molecular clusters. We were able to come up with some possible matches for the 
unknown clusters, ranging from trimers up to pentamers with the aid of Gaussian and 
ABCluster program. Future work will involve finding molecular structures for unknown 
cluster and finding ways to better mimic C02 salvation of VF. 
vi 
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1 .  I. Supercritical carbon dioxide and fluorinated ethylene complexes 
(What is basis of the research project?) 
The ultimate goal of this research project is to determine the salvation sphere of 
supercritical C02 (sc-C02) around vinyl fluoride (VF) which gives an idea of how many 
C02 molecules should combine and weakly interact. sc-C02 is a fluid state of C02 which 
can be found in high temperatures (304 K) and high pressure (83.8 bar) conditions.1 sc-
C02 is an environmentally friendly solvent and it can be used as a coffee decaffeinating 
agent, extraction solvent for essential oils and dry-cleaning agent, etc.2• 3 Even though sc-
C02 is used in various industries the properties of sc-C02 are not fully resolved. The 
ultimate goal of this research series is to give insight on the properties of sc-C02. C02 is 
a greenhouse or heat trapping gas, which contributes to climate change. If sc-C02 is 
capable of being used as an organic solvent, it would provide a way to reuse captured 
C02 from industrial processes before it is released, and avoiding using more toxic or 
damaging chemicals. 
This research series primarily studies gaseous phase C02 complexes using 
microwave spectroscopy and, through these findings, provide information about sc-C02 
solvation properties. This fundamental chemical research uses microwave spectroscopy 
to study and understand weak interactions between molecules. The major purpose is to 
determine the detailed molecular structures and to learn about the weak hydrogen 
bonding interactions in complexes of fluorinated ethylenes with carbon dioxide (C02). 
The interactions within the complexes of the smallest fluoroalkene molecules, consisting 
of two C atoms, and C02 were studied by using microwave spectroscopy. Studying the 
weak interactions between these molecules permits investigation of the salvation 
properties of supercritical C02. 
2 
Previous investigations have found that fluorinated hydrocarbons have increased 
solubility in sc-C02•1 Most non-polar solutes have the ability to dissolve in sc-C02 
because of its non-polar nature. Even though the C02 molecule has zero dipole moment, 
it has nonzero bond dipoles. Hence, it also has some ability to form solvent. . .  solute 
interactions in a polar media. Because of this ability to form interactions, fluorinated 
hydrocarbons have increased solubility in sc-C02 compared to the hydrogen substituted 
equivalent compounds. For example, Krytox 1 6350 and Teflon AF are fluorinated 
polymers which can be dissolved in sc-C02 (Fig. I .  I .a and 1 . 1 .b).4 
a). Krytox 16350 
F F 
b ). Teflon AF 
Figure 1.1: Fluorinated polymers which can dissolve in sc-C02 a). Krytox 16350 b). 
Teflon AF" 
1. II. Introduction to microwave spectroscopy 
Microwave spectroscopy is the study of the interaction of matter and 
electromagnetic radiation in the microwave region (300 MHz to 300 GHz) of the 
spectrum (Fig. 1 .2). When a molecule is irradiated with excited photons, it may absorb 
the radiation and undergo an energy transition. When a molecule with a permanent dipole 
moment absorbs microwave radiation, the molecule starts to rotate. 
3 
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Figure 1.2: The electromagnetic spectrum5 
Microwave spectroscopy is used for fundamental chemical research studies such 
as investigating the detailed structures of molecules and noncovalent interactions within 
molecular clusters. The knowledge gained from microwave spectroscopy studies can help 
to learn more about the different systems, but they cannot be studied directly by 
microwave spectroscopy, themselves. The knowledge gained from microwave 
spectroscopy can be used in structure-based drug design processes by helping understand 
the noncovalent interactions between a ligand and its receptor.6 Also, it can be used in 
studying the interaction between C02 and metal-organic frameworks (MOFs) whfoh are 
capable of capturing C02•7 In the present research, microwave spectroscopy is being used 
to study weak interactions within the fluoroethylene and C02 molecular clusters to help 
understand sc-C02 solvation properties. 
1. m. Theory of microwave spectroscopy 
The basis of microwave spectroscopy is that in order for a molecule to rotate it 
needs to have a discrete amount of energy. When a polar molecule sits in its J=O energy 
level there is no rotation at all (Fig. 1.3), where J is the quantum number used to denote 









J=O ------------ No rotation 
Figure 1.3: Energy transitions between adjacent energy levels8 
When the molecule has a permanent dipole moment it can absorb the energy from 
the microwave region of the electromagnetic spectrum. Hence, when photons shine on 
the molecule it absorbs energy from the microwave region and moves higher energy 
levels. The exact frequency that it needs to rotate and jump to the next energy level is 
associated with the molecular structure of the rotating molecule. When the molecule 
moves to the higher energy levels, its rotational speed also becomes higher. Absorbing a 
specific amount of energy means it absorbs a specific frequency of radiation since the 




.1E = hv Equation 1.1 
The frequency needed to jump to the next energy level is directly related to the 
mass distribution of the molecule and different molecules have different mass 
distributions. Hence, the absorbed frequency should be specific to a certain molecule, 
5 
making this absorbed frequency completely unique depending on the structure and the 
mass of the molecule. So, the generated rotational spectrum for a specific molecule is 
unique for it and it is like a molecular fingerprint of the molecule. 
The theory of microwave spectroscopy can be explained mathematically. To 
explain the theory behind the microwave spectroscopy, the rigid rotator model is used, 
which is a simple model for a rotating diatomic molecule (Fig. 1 .4). This model is the 
rotational equivalent of the harmonic oscillator. In this diatomic molecule there are two 
atoms which have masses of m1 and m2 (Fig. 1 .4). The two atoms are connected with a 
bond which does not have weight. The distance between two atoms is r and this diatomic 
molecule rotates around the center of mass with the angular velocity w. Atoms l and 2 
are located at r1 and r2 distances from the center of mass, respectively. 
r 
Center of mass 
Figure 1.4: Rigid rotator model for a diatomic molecule9 
For a diatomic molecule the total mass is calculated as the reduced mass,µ, using 
equation 1 .2. Hence, in the rigid rotator model it is assumed the reduced mass is rotating 
around the center of mass with the angular velocity of w. 
Equation 1.2 
When masses and distances from the center of mass are available the moment of 
inertia of the molecule can be calculated. Equation 1 .3 and 1 .4 can be used to calculate 
6 
the moment of inertia for diatomic molecules and polyatomic molecules, respectively. 
Moment of inertia is the measurement of the resistance against angular acceleration and it 
is also the angular equivalent of mass in microwave spectroscopy. The moment of inertia 
depends on the axis of rotation. 




I= Imir/ i=l 
r;=distance of the atom from the axis of rotation 
Equation 1. 3 
Equation 1. 4 
Equation l .5 can be obtained after solving the Schrodinger equation, and used to 
calculate total rotational energy in a diatomic molecule. This equation can also be used to 
calculate the total rotational energy of any rigid l inear molecule. 
hz E1 = 21J(J + 1) = B'](J + 1) 
J=O, l ,  2, 3 . . . .  (Rotational quantum number of the molecule) 
h=h/2n (h is Planck's constant) 
B'=Rotational constant= h2/21 (Units of B'=Joules) 
Equation 1. 5 
Rotational constants are the most important parameter that can be found in 
microwave spectroscopy. As mentioned in the beginning of this section, depending on the 
mass distribution of a molecule it absorbs discrete amounts of energy. Since the energy 
and the rotational constant are related (Eq. 1 .5), the rotational constant is a unique 
parameter for a specific molecule. Rotational constants can be measured in Joules (Eq. 
7 
1.6) and Hertz (Eq. 1.7) though usually in microwave spectroscopy Hertz is used to 
measure the rotational constants. 
hz 
8' = 8rrZJ Equation 1. 6 
Equation 1. 7 
When considering a diatomic molecule, it should have different energy levels in 
order to produce a rotational spectrum with L1J=±1. The energy for a certain energy level 
with a quantum number J can be calculated using Equation 1.5. The energy of the 
transition between two energy levels must be equivalent to the energy of the photon 
absorbed according to the Planck's equation (Eq. 1.1 ). For a diatomic molecule the 
rotational energy on specific energy level (J) and its adjacent level (J+ I) can be 
calculated by equations 1.8 and 1.9. The rotational energy difference between adjacent 
rotational levels (J to J+ I )  can be calculated by equation l .  l 0 (Fig. 1.5). Therefore the 
irradiated frequency of the absorbed photon can be calculated using equation 1.11. 
E(J) = 8'](] + 1) 
E(j + 1) = 8'(] + 1)(] + 2) 
E(j + 1) - E(J) = 81(] + 1)(] + 2) - 8'](] + 1) 
llE = 28'(] + 1) 
v = 28(] + 1) 
Equation 1. 8 
Equation 1. 9 
Equation 1.10 




Figure 1.5: Energy difference between two adjacent energy levels 
According to equations 1 .10 and 1 . 1 1 ,  when energy transfers from one energy 
level to an adjacent energy level, the frequency difference is directly proportional to 
twice the rotational constant (Fig. 1.6). Hence by using the frequency difference between 
two adjacent energy levels, for a diatomic molecule the rotational constant can be 
obtained. If the rotational constant is known then the moment of inertia (/) can be 
calculated by using equation 1 .7. After finding the moment of inertia, equation 1.3 or 1.4 
can be used to calculate the bond distances for the diatomic molecule or polyatomic 
molecules. Therefore, by using the B and I, molecular structural parameters can be 
obtained for a rigid molecule. Hence, microwave spectroscopy is a very important and 
reliable method to determine the molecular structure for rigid molecules. 
ln microwave spectroscopy, three principal axes are defined a, b and c (Fig. I .7). 
All the axes originate from the molecule's center of mass. Hence, whenever the molecule 
rotates around the center of mass, these three rotational axes are considered. The axis 
which has the minimum moment of inertia is defined as the a axis. The axis which has 
maximum moment of inertia is defined as the c axis. The axis perpendicular to both a and 
c axes is the b axis. The mass distribution of the molecule is considered along these three 
9 
axes and therefore whenever structural calculations are being done all the moments of 
inertia (la, lb and le) around the three axes are accounted for. 
-----'------�----'---- J=3 
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Figure 1.6: The energy transition and corresponding rotational spectrum for the 




Figure 1.7: The principal axes for a linear molecule and for a non-linear polyatomic 
molecule1 1  
10 
A molecule that behaves according to the actual rigid rotator model has multiples 
of 2B (2B, 4B, 6B etc.) frequency spacing between two adjacent energy levels and also 
2B spacing between lines in the spectrum (Fig. 1 .6). But a real molecule does not behave 
as predicted as the rigid rotator model and the transitions for a real molecule do not have 
the 2B frequency spacing in a microwave spectrum. That happens because the bonds 
between the atoms are not rigid, and change when the molecules rotate. When the 
rotational speed becomes higher, the centrifugal force acting on the molecule's bonds 
becomes higher. Because of that, bond lengthening occurs. Hence, the moment of inertia 
for a molecule can be changed according to equations 1 .3 and 1 .4 since the bond length 
changes with the rotational speed. The change in moment of inertia affects the rotational 
constants according to equations 1 .6 and 1.7. Because of that, a constant called the 
centrifugal distortion constant (D) (Eq 1 . 1 2 )  has to be added to equation 1 .8, in order to 
get the correct rotational energy (Eq. 1 . 1 3 )  and also to get the correct transition frequency 




E(J) = 81/(J + 1) - D'/2(] + 1)2 
v = 28(] + 1) - 4DU + 1)3 
Equation 1. 12 
Equation 1. 13 
Equation 1. 14 
The above equations (Eq. 1 . 1 3  and 1 . 14) are valid for a l inear or diatomic system. 
But when it comes to the nonlinear molecule system, it gets more complicated. As 
discussed above, a linear or nonlinear molecular system has three major axes and along 
these three axes they have three different moments of inertia (10, lb and le), needed to 
describe the mass distribution through each axes. When it comes to nonlinear molecular 
systems, it requires two additional quantum numbers to the J quantum numbers to explain 
1 1  
the rotational energy levels, and these are designated K0 and Kc. The J quantum numbers 
represent the total angular momentum, while the Ka and Kc quantum numbers represent 
the projection of angular momentum vector on the a and c molecular principal axes, 
respectively. 
Figure 1.8 shows how the J=2 energy level associates with the K0 and Kc energy 
levels. ln this energy level diagram, the J=2 rotational energy state has five 
corresponding energy levels. The general nomenclature for these energy levels follows 
the j Ka Kc order. Hence, we can see the five different energy levels with the 220, 221. 2 1 1 ,  2 12  







Ko J=2 Kc 
Prolate symmetric top Oblate symmetric top 
Figure 1.8: Correlation diagram for J=2 rotational energy levels (the spacing 
between the energy levels is not to scale, but does show the correct order) 
According to the mass distribution along the axes of a molecule (in other words 
according to the moments of inertia) and the shape of the molecule, they can be divided 
into four categories, which are linear or diatomic molecules, spherical tops, symmetric 
tops and asymmetric tops. Moments of inertia for linear or diatomic molecule are Ia=O 
and h=lc since the mass distribution around the a axis is zero. In spherical tops the three 
12 
moments of inertia are equal to each other Ua=h=le). There are two types of symmetric 
tops: prolate and oblate symmetric tops. The prolate symmetric tops are molecules which 
have cigar shaped body types (e. g. CH31, NH3). The moments of inertia around the b and 
c axes are equal to each other (h=le) while the moment of inertia around the a axis is less 
than lb and le. The oblate symmetric tops have pancake shaped body types (e. g. C6H6, 
Xef 4) and equal moments of inertia along the a and b axes Ua=h) while the moment of 
inertia along the c axis is higher than the la and h. The asymmetric tops have different 
mass distributions around all three axes and they have lower la values, higher le values 
and lb values which lie in between la and le Ua<h<le). 
Asymmetric top molecules are being studied in this research project. Unlike in the 
diatomic or linear molecular systems, the multi-atomic and multi-molecular asymmetric 
top systems need more distortion constants in order to obtain the correct energies of the 
rotational energy levels (eq. 1.15). 12 Usually for molecular systems in this study, even 
more distortion constants are added and Equation 1 . 1 5  shows a simplified version of the 
full energy expression. 
E(J, K) = B'J(J + 1) + (A' - B')Ka 2 - D'1f2 (] + 1)2 - D'1«f(J + l)Ka 2 + 
DI K 4 K a Equation 1. 15 
A and B are the rotational constants around the a and b axes, respectively. D1, D1K and DK 
are the distortion constants. 
When considering an asymmetric molecule, it has three unique moments of 
inertia, which mean it has three unique rotational constants (A, B, C) around the three 
axes. Rotational energies can be given by the energy level expressions shown in Table 
I .  I for an asymmetric molecule. Table 1.1 only shows a few energy levels and there are 
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many other possible expressions that can be obtained. The energy differences between 
two energy levels can be worked out through the energy expressions. When calculating 
the energy differences the L1Ka and L1Kc should be 0 or ± 1  to go with the J values. For 
example, the energy difference between 221 and 1 10 energy levels, (4A+B+C)-(A+B) is 
3A+C and this is an al lowed transition, since Ka changes by 1 and Kc changes by I .  A 
transition such as 221-101  would not be allowed, since Ka changes by 2. 
Table 1.1: Rotational energy levels and corresponding energy expressions for first 
four rotational states13 
Energy level U KnKJ Energy expression 
Ooo 0 
I 10 A+B 
l 1 1  A+C 
I 01 B+C 
221 4A+B+C 
To measure the degree of asymmetry of a molecule Ray's asymmetry parameter 
(K) can be used. Using equation 1 . 16, the degree of asymmetry of a molecule can be 
measured quantitatively. For a prolate top molecule K=-1 and for an oblate top molecule 
K=+ 1 .  
28 - A - C  
K = -----
A - C  
Equation 1. 16 
There is one more important parameter in microwave spectroscopy, which is the 
planar moment. The planar moment is important to help describe the shape of a molecule 
and gives an idea of the mass distribution of the molecule along each axis. For example, 
if the value of the planar moment along a certain axis is 0 or close to 0, that means there 
is no mass distribution along that axis. The planar moment for a axis (Paa), b axis (Pbb) 
and c axis (Pee) can be calculated using equation l . 17,  l . 1 8  and 1 . 1 9, respectively. 
14 
mi=sum of the mass along the axis 
a=distance along a axis 
b=distance along b axis 






Figure 1 .9: Occurrence of a-type, b-type and c-type transitions 
Equation 1. 17 
Equation 1. 18 
Equation 1. 19 
When it comes to the microwave spectroscopy, the dipole moment components 
play a very important role. There are a possible maximum of three dipole components 
along the three principal axes, which are µ0, µb and µc. The square root of the sum of the 
squares of each component gives the total dipole component of the molecule. There are 
three different types of rotational transitions called a-type, b-type and c-type transitions. 
Figure l .9 shows example a-type, b-type and c-type transitions. These transitions are 
al lowed, if there is a dipole component along a particular principal axis of the molecule. 
The intensity of a transition is directly proportional to the square of the dipole 
component. The selection rules for all three transitions are shown in the Table 1.2. 
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Table 1.2: Selection rules for a-type, b-type and c-type transitions 
Type of transition tV !:lKa Mc 
a-type 0, ±1 0 ± I  
b-type 0, ± 1  ± 1  ±1  
c-type 0, ± 1  ± 1  0 
1. IV. Isotopic substitutions and importance 
Isotopes contain different amounts of neutrons and the same amounts of electrons 
and protons for a specific element. lsotopologues are the group of molecules of a given 
compound which have different isotopic compositions. Hence, the isotopologues have 
different masses. When the mass differs the moment of inertia will vary according to 
equations 1 .3 and 1 .4. A change in moment of inertia causes a change in rotational 
constants in the molecule. Therefore, isotopologue species will produce different 
rotational spectra for a specific molecule. These different rotational spectra will give 
different rotational constants for each molecule. One microwave spectrum will provide, 
at most, three moments of inertia, which allow three structural parameters to be precisely 
determined, but most molecules have more than three structural parameters. Hence, by 
measuring isotopes additional moment of inertia (three more from each isotope) can be 
obtained. Therefore, measuring additional isotopic spectra will provide extra information 
on the structural parameters, making it possible to derive the moment of inertia for the 
molecule and the bond distances as well as bond angles. These bond angles and distances 
are the same for each isotopologue species and it helps to confirm the measurements are 
correct. Getting the same bond distances and angles with different isotopologues 
determines the structure of the molecule precisely. 
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This experiment used gaseous samples containing vinyl fluoride (VF, C2H3F) and 
C02. For example, considering the VF . . .  C02 dimer, there are various combinations for 
isotopologues from 13C and 180. It is possible to obtain different combinations of 
isotopologues such as 
The natural abundance of the isotopes is also important in rotational spectroscopy, 
because the peak intensities of the transitions related to isotopic substitutions are directly 
proportional to the abundance. For example, the ratio of 12C: 1
3
C is 99: 1 .  Hence the peak 
intensities for 13C isotopic transitions are comparatively very weak. 
1. V. Instrumentation and Experimental setup 
A chirped-pulse Fourier-transform microwave spectrometer (CP-FTMW) located 
at University of Virginia (UV a) which operates at 2-8 GHz region was used to obtain all 
the spectra. 14  A gas sample containing I %  VF and 1 % C02 with 98% Ne gas was 
injected into the vacuum chamber; then these gas pulses expanded supersonically inside 
the vacuum chamber and formed the molecular clusters. The temperature becomes very 
low (-2 K) inside the vacuum chamber when the gas expansion occurs. The supersonic 
expansion helps to keep the weak interactions between the molecules intact and helps to 
measure the rotational spectrum of the molecule effectively. The resulting scan is an 
emission spectrum of the molecular cluster. 
When microwave radiation shines on the molecular clusters they absorb the 
radiation and initiate the rotation. The interaction between the microwave radiation and 
the molecular cluster aligns the dipole moments of the molecular clusters with the electric 
field of the radiation. Therefore, in the vacuum chamber a huge polarization can be 
1 7  
observed with time. When the microwave radiation is ceased the polarization decays with 
the time and the molecules come back to the initial state. This process is called a free 
induction decay (FID). The FID is recorded in the time domain but in microwave 
spectroscopy using the scan in the frequency domain is desired. Therefore, to obtain a 
spectrum with a frequency domain the Fourier-transform (FT) is applied to the time 




Figure 1.10: Fourier transformation from time domain to frequency domain 15 
1. VI. Objectives and Goals 
The main objectives of this project are, 
• To find spectra of the isomers for VF . . .  C02 . . .  C02 trimer (Chapter 2) 
• To determine the possible structures for the VF . . .  C02 . . .  C02 trimer (Chapter 2) 
• To find isomers for tetramers containing VF and C02 (Chapter 3) 
In this study, five different spectra for unknown structures were extracted from 
the experimental data. After recording more data, different analytical tools were 
developed to extract more spectra from the collected scans. The objectives of the second 
half of this study were, 
• To develop analytical tools to identify spectra from the collected scans (Chapter 3) 
1 8  
• To find the formulas and molecular structures for the assigned spectra (Chapter 3) 
1 9  
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CHAPTER 2 
Studying C02 solvent properties by 
microwave spectroscopic investigation 
of VF . . .  C02 . . .  C02 trimers 
22 
2. I. Introduction 
The ultimate goal of this research series is to find the weak interactions within 
fluoroethylene and C02 complexes. Previously the research group carried out 
experiments on vinyl fluoride . . .  C02 dimer complexes. 1 Hence, in this chapter, the 
findings of a new trimer, vinyl fluoride . . .  C02 . . .  C02 using CP-FTMW spectroscopy will 
be discussed and variations in the CH . . .  0 interaction strength and orientation in VF/C02 
molecular clusters will be compared. 
In 1995, Bemish et al found a complex of ethylene and C02 (Fig. 2. l ).2 In this 
ethylene . . .  C02 the C02 molecule is positioned above the ethylene molecule in a stacked 
structure and aligned in a parallel fashion. 
Figure 2. 1 :  Ethylene . . .  C02 dimer structure
2 
In this research series fluorinated ethylene compounds with its C02 complexes 
were studied. The fluorinated ethylene . . .  C02 complexes have F atoms substituted in the 
place of H atoms. The first and simplest fluorinated ethylene in the series is vinyl fluoride 
(VF, C2H3F). Investigations of dimers with one C02 molecule and one VF molecule were 
carried out previously.1 Three theoretical structures were simulated and two different 
planar isomers which are Side and Top dimers for VF ... C02 (Fig. 2.2.a and 2.2.b, 
respectively) were observed experimentally. In the Side dimer, the C02 molecule lies in 
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the same plane as the VF and also nearly perpendicular to the double bond. ln the Top 
dimer, the C02 molecule is lying in the same plane approximately parallel to the double 
bond of the VF molecule and also on the side with the F in the VF molecule. The Above 
structure is non planar and it was not observed experimentally (Fig. 2.2.c). In the Above 
dimer, the C02 molecule lies on top of the C-F bond and also it is perpendicular to the C­
F bond of the VF molecule. 
I 
a b c 
Figure 2.2: TFE .. .  C02 dimers a). Side b). Above c). Top1 
• • •• 
a b c d 
Figure 2.3: DFE ... C02 dimers3 
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Studies on C02 complexes of 1 , 1 -difluoroethylene (DFE, C2H2F2) (Fig. 2.3) and 
trifluoroethylene (TFE, C2HF3) (Fig. 2.4) were also carried out.3· 4 For DFE . . .  C02 dimer 
studies four different theoretical structures were simulated and only one dimer structure 
(the Top) was observed experimentally (Fig. 2.3.a). In TFE . . .  C02 dimer studies, three 
different theoretical structures were simulated and only one isomer (the Side) was 
experimentally observed (Fig. 2.4.a). 
a 
Figure 2.4: TFE . . . C02 dimers4 
"··J �----
a 
-------- • CH ... O 
---·---- • C ... F 
... I ' ' \ ' 
b 
b 





Figure 2.5: Experimentally observed fluoroethylene ...  C02 dimers a). VF . . . C02 
Side dimer b). VF . . . C02 Top dimer c). DFE . .. C02 Top dimer d). TFE ... C02 Side 
dimer1• 3•4 
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Intermolecular interactions are important in molecular clusters because these 
interactions hold the molecules together within a cluster. When the cluster size increases, 
the both strength and number of interactions between atoms also increases. Hence, 
studying interactions in these molecular clusters is very important since the ultimate goal 
of this project is to study the solvation properties of the sc-C02 by examining these 
fluoroethylene/C02 complexes. All the studied dimers, which are VF . . .  C02, DFE . . .  C02 
and TFE . . .  C02, had two types of non-covalent interactions. One type was CH . . .  0 
interactions and other type was C . . .  F interactions (Fig. 2.5). The goals of this study were 
to investigate weak non-covalent interactions in VF . . .  C02 . . .  C02 using CP-FTMW 
spectroscopy, to compare variations in CH . . .  0 interaction strength and orientation in 
VF/C02 molecular clusters and also to study the structural changes that occur within the 
complexes when the VF/C02 molecular cluster gets larger. 
To study the weak interactions within these molecular clusters more quantitatively 
and precisely Atoms in Molecules (AIM) analysis via the AIMAll program was used.5'6 
This theoretical model determines the weak interactions and bonding nature between 
atoms in molecules by using electron densities of the atoms in the molecular cluster. AIM 
is used to study the atom . . .  atom, covalent and non-covalent interactions in molecules or 
molecular clusters. 
2. II. Experimental 
2. II. A. Predicting possible structures and rotational constants 
The initial structures of Top-Side, Top-Above and Side-Above, Above-Above 
(Fig. 2.6) were predicted using the previously studied VF . . .  C02 dimer structures; Top, 
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Side and Above (Fig. 2.2).7 All  the initial structures were optimized using Gaussian 09 at 
the MP2 level and 6-3 1 1  ++G(2d,2p) basis set to obtain theoretical rotational constants.8 
2. II. B. Microwave spectroscopy 
The experimental microwave spectrum was obtained from the chirped-pulse 
Fourier-transform microwave (CP-FTMW) spectrometer at the University of Virginia 
(UVa) which operated in the region of 2-8 GHz. The gas sample used to acquire the 
spectrum contained 1 % VF and 1 % C02. The remaining 98% was filled with 2 atm of Ne 
buffer gas. To obtain one scan I million spectra were averaged. 
2. II. C. Spectral assignment 
Using the theoretical rotational constants from the Gaussian optimizations, the 
SPCAT program was run to obtain the theoretical rotational spectrum for each optimized 
structure.9 The theoretical rotational spectrum acts as a guide to identify patterns in the 
experimental spectrum. At the very beginning of the process of assigning spectra, these 
theoretical and experimental rotational spectra were not lining up with each other, 
because the theoretical rotational constants were different from the experimental 
rotational constants and the resulting theoretical rotational spectrum is different from the 
experimental rotational spectrum. Hence, to align the theoretical transition frequencies 
with the experimental transition frequencies the SPFIT program was used. The SPFIT 
program uses the experimental line frequencies to update the rotational constants based 
on the Watson A-reduction Hamiltonian. 10  Then, the SPCAT program was rerun which 
allows prediction of a theoretical spectrum that reproduces the experimental rotational 
spectra better.8•9 Then, gradually, the distortion constants were added until a better fit was 
obtained. After lining up the theoretical spectrum of a specific experimentally likely 
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structure to the experimental spectrum, the experimental rotational constants can be 
obtained from the fit file which is produced by the SPFIT program. 
2. III. Results and Discussion 
2. III. A. Initial guesses for trimers 
Previously studied VF . . .  C02 dimer structures Above, Top and Side (Fig. 2.2) 
were used as building blocks to generate initial trimer structure guesses (Fig. 2.6).4 To 
begin, two experimentally favorable dimer structures were combined together to give the 
Top-Side trimer. Even though the Above structure was not observed experimentally, it 
was used as a building block to get the initial guesses for the trimers where the Top and 
Side structures both were combined with the Above structure separately to give the Top­
Above and Side-Above structures. Finally the Above structure was combined with itself 
to give the Above-Above trimer structure. 
2. III. B. Structural optimizations 
From the relative energies of the optimized structures it was found that the Top-
Above and Side-Above structures are energetically more likely to be experimentally 
observed since they had low energies compared to the other two structures (Table 2.1  ). 
2. III. C. Spectral assignments 
From the experimental spectrum, two recognizable constant difference patterns 
were found (Fig. 2.7). Constant difference patterns are useful in assigning spectra as the 
frequency difference between a and b was equal to the frequency difference between c 
and d and also the same for the e and f difference and g and h difference. These constant 
difference patterns were matched with the patterns of predicted spectra of the Side-Above 
and Top-Above structures. Then the quantum numbers were assigned for the patterns and 
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To Above To -Above 
/ · � I 
Side Above Side-Above 
+ 
Above Above Above-Above 
+ I 1 
Figure 2.6: Guessing of initial structures for VF .. .  C02 ... C02 trimers using 
previously studied VF ... C02 dimers 
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Table 2.1: Theoretical and experimental constants and energies for the ab initio and 
experimentally observed VF ... C02 . . .  C02 trimer structures 
A/MHz 
BIMHz f-C/MHz 




P00/amu A2 8  
Pbblamu A2 11  
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cRMS = L(Vobs-Ucaic)2 (Frequencies used to calculate RMS for each isomer can be found N 
in Appendix I) 
droot-mean-square percent differences between observed and calculated rotational 
constants (A, B, C) 
L (((Bx(calc) - BX(exp») X l00%)
2 
BX(calc) 
%£\BrmsX = 3 
x=SA, TA, AA, TS (rotational constant differences between Side-Above (SA), Top-Above 
(TA), Above-Above (AA) and Top-Side (TS) ab initio structures). 
eLJE is the relative energy of each structure, compared to the minimum energy structure. 
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Side- Above Top- Above 
l a 404-3u e404-313 ... b 414-313 f 414-313 c 404-30, g�-3'" d 414-30, h 4,.4-loJ 
Figure 2.7: Constant difference patterns related to Side-Above and Top-Above 
VF .. .  COz ... C02 trimer structures (Top spectrum-experimental microwave 
spectrum for VF/C02 and Bottom spectrum- simulated spectra for Side-Above and 
Top-Above VF . . .  COz .. .  C02 trimer structures) 
2. ID. D. Comparison of theoretical and experimental rotational constants 
The rotational constants and planar moments were compared with the 
experimental rotational constants for the experimentally likely structures to confirm that 
they matched. For example, one could argue that the Top-Side theoretical rotational 
constants are similar to the isomer l experimental rotational constants. since the A 
rotational constant for Top-Side is 1626.9 MHz and A rotational constant for the Isomer I 
is 1660.35 J 2 1  MHz. But when comparing the planar moments for both the structures, 
Top-Side has a Pee of 0 amu A2 while the isomer I bas a Pee of 58.31 amu A2• Those 
3 1  
values showed disagreement of the theoretical and experimental constants for the Top­
Side structure and confirmed the assignment as Side-Above is correct. 
A quantitative comparison method was also used in addition to the rotational 
constants and planar moment comparison between the structures. The root-mean-square 
percent differences (%L1Brms) were compared between observed (experimental) and 
calculated (theoretical) rotational constants (A, B, C). The lower value indicated the best 
correlation between the observed and predicted constants and structures. 
In Table 2. I ,  the %L1Bnns values for rotational constants of all four predicted 
structures with Isomer I give the lowest value (2.95%) with the Side-Above structure, 
while the Isomer I I  gives lowest value (3.25%) with the Top-Above structure. Hence, 
these %L1Brms values confirmed that the assignments based on comparing the rotational 
constants were correct. 
Dipole moment comparisons can also be used to confirm that the theoretical and 
experimental structural assignments were correct. The intensity of a peak is proportional 
to the square of dipole moment. For both the isomer I and II spectra a-type, b-type and c­
type transitions were observed. For isomer I there were medium sized a-type and b-type 
transitions with strong c-type transitions. In isomer II, there were strong a-type and b­
type transitions with medium sized c-type transitions. 
There is no a dipole component for the Above-Above structure and also no c 
dipole component for the Top-Side structure. Hence, the dipole components of isomer I 
and II do not agree with the Above-Above and Top-Side dipole components. The relative 
intensities are consistent with the predicted dipole components for Side-Above and Top­
Above, respectively. For instance, the Side-Above has largest c dipole and because of 
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that it has intense c-type transitions. Also, the Top-Above has similar a and b dipoles and 
they are larger than c. Hence, the spectrum has intense a-type and c-type transitions that 
c-type transitions. 
2. III. E. Comparison of theoretical dimer and trimer structures 
The ab initio structural parameters of VF . . .  C02 . . .  C02 trimers such as 
atom . . .  atom distances (Fig. 2.8), bond angles and the dihedral angles were compared 
with the ab initio structural parameters of the previously studied VF . . .  C02 dimers and 
C02 . . .  C02dimer structures (Fig. 2.9). 1 • 1 1 • 1
2 
Atom . . .  atom distances of VF . . .  C02 dimers and VF . . .  C02 . . .  C02 trimers were 
compared. Shortening of atom . . .  atom distances from VF . . .  C02 dimers was observed 
when it comes to the VF . . .  C02 . . .  C02 distances. For example, the C . . .  F atom . . .  atom 
interaction distances in VF . . .  C02 dimers range between 2.98 A - 3. 1 1  A, but in the 
VF . . .  C02 . . .  C02 trimers it ranges between 2.90 A - 2.97 A. Also, the trimers form 
roughly barrel shaped structures. Within them, the dimer structures can be observed, and 
the energetically unfavorable Above dimer is also a part of the trimer structures. The 
Above dimer did not change much within the trimer structures. The O=C . . .  F-C dihedral 
dimer angle of 33° is not changed much within the trimer structures, where there was 
deviation of only about I 0. 
The experimentally observed dimer structures are planar, with the C02 molecule 
in the same plane of the VF molecule. 1 Within the trimers O=C . . .  F-C dihedral angles 
show that these experimentally observed dimer fragments are no longer planar. The 
O=C . . .  F-C dihedral angle for Top-Above and Side-Above structures were 1 6 . 1 2° and 
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Figure 2.8: Comparison of atom .. .  atom interaction distances in VF .. .  C02 dimer 
structures and VF . . .  C02 • • •  C02 trimer structures (the distances in italic (orange) = 
O .. .  H, underline (Black) = C ...  F, bold (Green) = C ... O) [Units for the bond 
distances=A] (the distances shown are theoretical and the optimizations were 
carried out at the MP2/6-311++G(2d,2p) leve1)1 
Both C02 molecules in the side position and the top position of the Top-Above 
and Side-Above structures were lifted upwards from the VF plane. The Above C02 
molecule withjn both experimentally observed trimers remained the same as the Above 
dimer structure. This movement slightly upwards from the VF plane happened because 
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one C02 molecule is l ikely to form interactions with the other C02 molecule within the 
trimer structure. Within these VF . . .  C02 . . .  C02 trimer structures the two C02 molecules 
are trying to form a C02 dimer like structure 
The two conformations of C02 dimer are T shaped (Fig. 2.9.a) and slipped 
parallel (Fig. 2.9.b). The slipped parallel structure is the experimentally observable 
structure and the T shaped structure has higher energy and it is not experimentally 
observable. 1 1  The ab initio C . . .  0 atom . . .  atom interaction distance within slipped parallel 
structure is 3 . 1 1 A and within T shaped structure it is 3.01 A. Within the VF . . .  C02 . . .  C02 
trimer structures it can be observed that the C02 molecules are trying to form a C02 
dimer and these dimers are more close to a T shaped C02 dimer structure since the C . . .  0 
atom . . .  atom interaction distance is in between 3 .0 l-3.03 A. The ab initio C . . .  O=C angle 
in C02 dimers and VF . . . C02 . . .  C02 trimers were compared. The bond angle within T 
shaped C02 dimer is 90° and within slipped parallel structure it is 1 0 1 °. Within both Top­
Above and Side-Above structures the C . . .  O=C bond angle is 80°. This bond angle value 
within experimentally observed trimer structures is closer to the C . . .  O=C angle within T 
shaped C02 dimer value. This observation shows that two C02 molecules within trimers 
are trying to form T shaped C02 dimer within the VF . . .  C02 . . .  C02 trimers. 
Within the VF . . .  C02 . . .  C02 trimer structure both the energetically higher and 
experimentally not observed VF . . .  C02 Above dimer structure and the C02 . . .  C02 T 
shaped dimer structures were observed. These structures are less stable as dimers, but 
they are stable within VF . . . C02 . . .  C02 trimer structure. When these unstable complexes 
combine with each other it stabilizes the higher energies and forms more stable structures 
by lowering the energy. 
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Figure 2.9: C02 ... C02 dimer structures a). T shaped structure b). Slipped parallel 
structure (the distances shown are theoretical and the optimizations were carried 
out at the MP2/6-311++G(2d,2p) level)11  
When comparing the VF . . .  C02 . . .  C02 trimer structures with the VF . . .  C02 dimer 
structures, the trimer structures are forming more compact and packed barrel type 
structures. Formations of compact structures are due to more interactions within the 
VF . . .  C02 . . .  C02 trimers than the VF . . .  C02 dimers. In the VF . . .  C02 dimers there are two 
types of interactions (C . . .  F interactions and 0 . . . H), but within the trimers they have one 
more interaction, which is C . . .  O. That means whenever the solvation sphere around the 
VF increases the interactions increase as well, as they can make more stabilized and 
compact structures too. Moreover, within the VF . . .  C02 . . .  C02 trimer structures the 
unstable dimer structures became more stabilized. 
2. ID. F. Atoms in Molecules (AIM) analysis 
The AIM analysis was carried out to observe the interactions between atoms in 
the studied molecular clusters.5 The interactions in VF . . .  C02 dimers, (C02)i dimers and 
VF . . .  C02 . . .  C02 trimers were observed in this section. For all the molecular clusters, 
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bond critical points (BCPs) were analyzed (Fig. 2. lO). BCPs give the value of the 
minimum electron density in between atoms but along a path of maximum density. 
The dotted lines or the thick black lines in Fig. 2. 10  show the maximum electron 
density paths between the atoms. The dotted lines show interactions and the thick black 
lines represent the covalent bonds between the atoms. The red dots in between the atoms 
represent the BCPs which are minimum electron density value in between atoms. Figs. 
2.10, 2 . 1 1 and 2 . 1 2  show the BCPs for VF . . .  C02 dimers, (C02)2 dimers and 
VF . . .  C02 . . .  C02 trimers. 
BCPs for all the VF . . .  C02 dimer structures were analyzed since the dimer 
structures are the building blocks of the experimentally observed VF . . .  C02 . . .  C02 trimer 
structures. Side and Top VF . . .  C02 dimer structures have two types of interactions. The 
Top VF . . .  C02 dimer structure has CH . . .  0 and C . . .  F interactions while the Side structure 
has a CH . . .  0 interaction and an F . . .  0 interaction, but this 0 . . .  F interaction is bending 
towards the C atom in the C02 molecule. The energetically unstable Above VF . . .  C02 
dimer structure does not have CH . . .  0 interactions. It only shows one type of interaction, 
and that is between the F atom and the C=O bond of the C02 molecule. For all three 
VF . . .  C02 dimer structures the BCP value for the interaction between F atom and the 
other bond or atom is nearly the same although in the Above structure it is slightly less 
than the planar structures. 
BCPs for the VF . . .  C02 . . .  C02 trimers were also investigated using AIM analysis. 
BCPs of the experimentally observable VF . . .  C02 . . .  C02 Top-Above and Side-Above 
trimer structures were compared with the BCPs of the VF . . .  C02 dimers, (C02)2 dimers 
and theoretical Top-Side VF . . .  C02 . . .  C02 trimer structure, which is energetically 
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unstable. Both the Top-Above and Side-Above structures have four interactions in 
between the atoms in the molecules. There are one CH . . .  O interaction, two C . . .  F 
interactions and C . . . O interactions in between the atoms. The CH . . .  O and C . . .  F 
interactions are the same as the VF . . .  C02 dimer interactions. ln the VF .. .  C02 . . .  C02 






• • • • •o-• . • • 6oar •. • • • • : . • • 
a 
.. .. 
.. .. .. .. 
··�-.... 
b 
·· .. • 
• 
c 
Figure 2.10: Electron densities at BCPs for studied VF . . .  C02 dimer structures a). 
Top b). Side c). Above (Units for the BCP= atomic units (e/bohr3)] 
When comparing the electron densities at BCPs of the (C02)2 dimer structures the 
slipped parallel structure which is experimentally observable, has a higher value for BCP 
(0.0072 u) (Fig. 2.1 2.b) compared to the energetically unstable T shaped structure 
(0.0054 u) (Fig. 2 . 12.a). Within both VF . . .  C02 . . .  C02 trimer structures C . . .  0 
interactions are having the BCP value nearly 0.0060 u and this value is much closer to the 
C . . .  O interaction BCP value of the T shaped C02 . . .  C02 dimer structure. This 
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observation proves the presence of a more T shaped C02 . . .  C02 dimer structure fragment 
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Figure 2.11: Electron densities at BCPs for VF •.. COz • . .  C02 trimer structures a). 
Side-Above b). Top-Above c). Top-Side [Units for the BCP= atomic units (e/bohr3)] 
When comparing the interactions and the electron densities at BCPs for all the 
studied VF . . .  C02 . . .  C02 trimer structures, five interactions were observed within the 
39 
energetically unfavorable Top-Side structure. The additional interaction was between the 
0 atoms in two C02 molecules. These two interactions might be more repulsive since 
both 0 atoms are having the same charge in this structure and this might be one reason 
for the higher energy in this structure . 
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Figure 2.12: Electron densities at BCPs for C02 .. .  C02 dimer structures a). T 
shaped structure b). Slipped parallel structure [Units for the BCP= atomic units 
(e/bohr3)] 
Two conformers, which are Top-Above and Side-Above were found as 
VF . . .  C02 . . .  C02 trimers. These trimer structures had weak interaction between atoms 
and the VF . . .  C02 . . .  C02 trimers formed more compact structures than that of the 
VF . . .  C02 dimers. Since the ultimate goal of this project is to investigate the solvation 
properties of sc-C02, this study gave insight to the weak interactions within the 
fluoroethylene . . .  C02 complexes. 
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CHAPTER 3 
Developing new approaches to decode 
rotational spectra and to find the 
structures of unknown molecular 
clusters 
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3. I. Introduction 
The previous chapter discuss�d the findings of VF . . .  C02 • • •  C02• After that 
molecular structures for another trimer (VF . . .  VF . . .  C02) and tetramers 
(VF . . .  C02 . . .  C02 . . .  C02, VF . . .  VF . . .  C02 . . .  C02 and VF . . .  VF . . .  VF . . .  C02) were sought. 
However, before starting those clusters there was a huge breakthrough which was 
identifying constant difference patterns (discussed in Chapter 2) from the l million 
average VF/C02 and VF-only scans in which nearly 4000 peaks (52% of all the peaks in 
the scan) have signal to noise ratio more than 2.5. These identified patterns were assigned 
and the experimental rotational constants for many new spectra were found, but the 
cluster formulas and structures associated with them were unknown. Then more scans 
from the UVa instrument were collected to help find the structures for these unknown 
molecular clusters. 1 l n  this attempt the same gases in the gas mixture as in Chapter 2 
were used, but now the concentration of C02 gas was changed while the VF 
concentration was kept constant. These data helped identify the formulas for assigned 
spectra as well as extracting spectra for more unknown molecular clusters using two 
methods. An Excel program was used to find the J values associated with a specific 
group of lines identified in the scan. A MathCAD based program developed at UVa was 
also implemented to identify spectra of more molecular clusters from the scans using 
their intensity behaviors over different C02 concentrations.
2 
Initially, the Gaussian 09 program with OFT (Density Functional Theory) level 
calculations ooB97X-D and 6-31 +G(d,p) basis set was used to predict the structures of the 
unknown molecular clusters.3 In this approach, the molecules in a cluster were positioned 
by considering electronic charge distribution and bond polarity, and the previously 
studied structures of smaller clusters. In  this method (which will be referred to as the 
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Gaussian 09 approach), it was hard to guess the most likely structure or to ensure that the 
lowest energy structures were considered for the optimizations, since the larger clusters 
have more permutations for arranging the molecules around each other. To help find the 
structures more efficiently the ABCluster program, which is used to predict structures 
based on global as well as local minima of the molecular clusters, was used.4•5 
The ABCluster program follows the artificial bee colony algorithm, which is 
introduced briefly here, with results presented later in this chapter. In  the artificial bee 
colony (ABC) algorithm, it considers a bee colony which is composed of three types of 
bees; employed bees (EMs), onlooker bees (OLs) and scout bees (SCs). The·se bees are 
looking for the best quality nectar around the bee colony. In the ABC system, each 
artificial employee bee is assigned for one nectar source. Hence in the ABC system, the 
number of artificial employee bees equals the food sources or nectars around the bee 
colony. The task of the EMs is to find the food source and come back to the beehive. 
After that, they have to dance in front of the OLs. OLs have to watch the EMs dance and 
select the corresponding food source or nectar depending on the dance. Then they 
evaluate all the selected food sources and find the best food source that is registered as 
the best source. All  the other EMs which were abandoned due to the low-quality nectar 
have to become SCs and they have to start finding new food sources. This process repeats 
until the desired number of quality food sources is fulfilled.4 
In the ABCluster program, the number of artificial employee bees and food 
sources or nectars around the bee colony is the analog of the number of calculation cycles 
(the number of structures considered for a given sized cluster). In the case of searching 
for cluster structures, the analog of the nectar quality is the potential energy and the 
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analog of the best quality nectar is the global minimum (most stable) structure. A set of 
calculations occurs within the program and acts as the EMs, OLs and SCs. This ensures 
that a series of random structures are considered and the program can use the results of 
the potential energy to seek out lower energy structures. This makes sure that the 
program (a) samples a large number of possible structures for each cluster size and (b) 
makes it much more likely that it will not be biased in the starting structure selection, 
making it much more likely that the global minimum will be identified. The first round of 
calculations acts as EMs which give basic information about the structures. Then this 
information is given to the next level calculations which are OLs. They select the good 
structures with the minimum energies and pass them to the next level calculation which is 
SCs. This will give the final output with the minimum potential energy.
4 
In  the ABCluster program, there were two approaches which were used to 
calculate the energies for each structure considered. One approach was the ab initio 
method, which calculates the energy of the c luster by doing ab initio calculations. This 
method was time consuming since in the ABC luster approach, lots of calculations have to 
be run to ensure the lowest energy structure has been considered. Also, since energy is 
calculated using the same method as the Gaussian 09 approach, when the molecular 
clusters are getting larger it consumes a lot of time to give the output. A second 
ABCluster approach used force fields to calculate the energies of the molecular clusters 
much more quickly. This method primarily used intermolecular Coulomb interactions 
and Lennard-Jones potentials to calculate these energies. The force field is what describes 
the distribution of charge within each molecule, and the sizes of the atoms. Then that 
force field is used in the Coulomb and Lennard-Jones based energy calculations. The 
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force field provides the charge on each atom, and the Coulomb calculation calculates the 
interaction energy between the charges on each pair of atoms.6•7•8 The first half of 
equation 3. I gives the intermolecular Coulomb interactions which give the quantitative 
amount of the electrostatic attractions and the repulsions ofthe molecular system. In here, 
a distributed atomic charges model is being used to mimic the electronic charge 
distribution on each molecule. The second half of the equation 3 . 1  gives the Lennard-
Jones interactions which quantitatively approximates the amount of repulsive and 
attractive interactions between the atoms or molecules in the system. This repulsion is the 
repulsion from the overlap of the electron clouds on the different molecules and the 
attraction is due to the London dispersion forces operating as a result of the motion of the 
electrons within the electron charge cloud. 
U(Q) = """' """' """' """' _e q1,qj1 + 4Ei,j CTid1 
- CTtd; N N 2 ( 12 6) 
1=1 1<} i1EI iJEI ( O 1111 ) ( 111,) ( Ill,) L L L  L 4rrc r· · J r· r· · 
U(Q) = Potential energy 
Equation 3. 1 
q,, qj= Magnitude of charges of each atom; used to represent electronic charge 
distribution of each monomer 
r= distance between the two atoms 
e= depth of the potential well; used to scale the dispersion and repulsion contribution 
q= finite distance at which the inter-particle potential is zero; used to represent the 
effective size of each atom 
This method does not rely on time consuming ab initio calculations and within a 
very small time duration (within fe·.v seconds) can provide a lot of lower energy 
structures for molecular clusters. When the ABCluster program is compared with the 
Gaussian 09 program, lots of differences between them are observed. The ABCluster 
program keeps positioning the molecules in different orientations based on application of 
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the artificial bee colony algorithm to test hundreds of possible structures of the desired 
molecular clusters, but in the initial Gaussian 09 approach, the molecular c lusters were 
created by positioning by hand, based on chemical intuition and previous experimental 
results, allowing only a limited number of structures to be acquired. 
Some structures for the unknown molecular clusters were found by using both the 
Gaussian 09 approach and ABCluster force field methods. The rest of this chapter 
describes how the unknown molecular c lusters were identified by looking at the 
spectroscopic patterns, and also by the Excel and Mathcad analytical techniques 
collectively. Moreover, this chapter describes the use of analytical tools to suggest the 
composition of the unknown molecular clusters and use of different computational 
programs to find the structures of them. 
The Experimental section will explain how (a) the microwave scans were 
collected, (b) molecular clusters were found by looking at the scans, (c) the MathCAD 
program was used to identify related transitions (d) spectra were assigned and (e) 
possible structures were predicted. The Results and Discussion section will explain (a) 
the identification of structures for the assigned molecular clusters with Gaussian 09 (b) 
how the concentration dependence studies helped to identify possible molecular formulas 
for clusters, including discussing the molecular clusters that were obtained by the 
MathCAD based program, and (c) how ABCluster was used to identify the molecular 
structures. 
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3. II. Experimental 
3. II. A. Microwave spectroscopy 
The experimental microwave spectra were obtained from a chirped-pulse Fourier-
transform microwave (CP-FTMW) spectrometer at the University of Virginia (UVa) 
which operated in the region of 2-8 GHz. 1 The gas samples used to obtain the VF+C02 
spectra contained I% VF (Synquest Laboratories) and four different concentrations of 
C02 (Sigma Aldrich) (0.5%, I%, 2% and 4%). The rest was filled with 2 atm of the 
buffer gas, Ne (Praxair). To get one scan, 400,000 spectra were averaged. The original 
I %  VF and I %  C02 scan with I mil l ion spectral averages (discussed in Chapter 2) was 
used to find molecular clusters using the Excel and visual pattern identification. The VF-
only scan was also used to find molecular clusters. The gas sample used to get the VF-
only scan contained 1 % VF with 2 atm of Ne buffer gas, and I mil l ion spectra were 
averaged. 
3. II. B. Constant difference pattern finding 
Constant difference patterns were visually identified from the VF-only scan and 
VF/C02 scan. The easily observable initially found constant difference patterns were 
called the "mother pattern" for a specific molecule (Fig. 3. I).  Additional 
transitions/frequencies related to a specific molecule were identified by finding trends 
and additional patterns i n  the constant differences related to the mother patterns. The 
constant difference frequency extraction method was developed by using the Excel 
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Figure 3.1: "Mother constant difference pattern" of the BS200 molecular cluster 
The initial frequencies were predicted by using frequency predicting plots. Then 
the observed transition frequencies in a certain range around the predicted frequency 
were entered in the first row and column of the Excel sheet. Then the differences between 
each observed frequency were calculated. Finally, the constant differences were located 
within the spectrum near the predicted frequencies by using the "find" tool in Excel. 
3. II. C. Related frequency extraction by MathCAD program 
Five spectra were assigned by using the MathCAD based program.
2 
This 
MathCAD approach extracted the frequencies which show similar intensity behavior over 
the different C02 concentrations. These extracted frequencies were used to calculate the 
three parameters of area, width and average concentration (more details explained 
below). Also, this method helped to identify related frequencies to a specific constant 
difference pattern. To identify the similar behavior frequencies a few steps were followed 
and the sections below explain the procedure related to this process. 
5 1  
3. n. c. 1. -Intensity normalization (I ,norm) 
All the VF/C02 scans coUected with different C02 concentrations were opened 
with the Origin 8 . 1  program (Fig. 3.2).9 Frequencies for the I 000 strongest lines were 
selected and the intensity normalization calculations were carried out. To get the I 000 
strongest lines, all four spectra were peak picked and then for each peak, the strongest of 
the four scans were chosen. This gave one spectrum with all the peaks at the strongest 
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Figure 3.2: The Origin plot of four VF/C02 scans collected with different C02 
concentrations9 
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Example calculations are shown in the Table 3 . 1 ,  using a few frequencies which 
have higher intensities. This example uses "BS200" molecular cluster, (see 3.lll for more 
details on this cluster spectrum). They were found from the I %  VF/C02 scan which was 
opened in the Origin plot with the intensity recorded at that frequency point from all four 
concentrations. All the intensities were divided by the largest intensity l isted under each 
frequency (this will make the largest intensity= 1 and other intensities between 0 and 1 )  
(Table 3.2). 
Table 3.1: Intensities at different C02 concentrations for selected frequencies in 
BS200 molecular cluster 
Frequency 







e.g. for 7591 .0875 MHz frequency, 
3.45 [.norm at 0 5% = -- = 1 0000 t • 3.45 . 
0 m 3.43 [.n r at lo/c = -- = 0 9942 t 0 3.45 . 
1.65 f.normat 2% = -- = 0 4783 l 3.45 . 






1 %  2 %  4 %  
3.43 1 .65 0. 1 5  
4.68 2.24 0.25 
3.5 1 1 .5 I 0.09 
3.3 1 1 .30 0.21 
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3. II. C. 2. Area calculation 
Summation of all the normalized intensities under each frequency (Equation 3.2) 
gave the area corresponding to that frequency (Table 3.2). 
Equation 3. 2 
e.g. Area for 7591 .0875 MHz frequency= 1.0000 + 0.9942 + 0.4783 + 0.0435 = 
2.5160 
3. II. C. 3. Average concentration calculation 
The average concentration for each frequency was calculated using the 
normalized intensity, area and the corresponding C02 concentration. It was calculated 
using equation 3.3. (/ nonn) 
Average Concentration = Li -1 conci Area 
e. g. Average concentration for 7591 .0875 MHz frequency= 
Equation 3. 3 
= (1.0000 x o.s) + (o.9942 x i) + (o.4783 x 2) + (0.0435 x 4) = 1.0432 % 2.5160 2.5160 2.5160 2.5160 
Table 3.2: Normalized intensities, area, average concentration and width at 
different C02 concentrations for selected frequencies in BS200 molecular cluster 
Frequency 
Normalized intensity at different Average Width C02 concentrations Area �oncentration (MHz) 0.5 % 1 %  2 %  4 %  (%) (%) 
7591 .0875 1 .0000 0.9942 0.4783 0.0435 2.5160 1 .0432 0.6657 
6967.6375 l .0000 0.94 1 6  0.4507 0.0503 2.4426 l .04 1 6  �.6859 
6343.9000 1 .0000 0.94 1 0  0.4048 0.0241 2.3699 0.9903 0.6064 
571 9.6500 1 .0000 0.9822 0.3858 0.0623 2.4303 1 :0299 0.7010 
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3. II. C. 4. Width calculation 
The width for each frequency was calculated using the normalized intensity, area 
and the corresponding C02 concentration. It was calculated using equation 3.4. 
1 [( (/.norm) ) ( (/ .norm) )2]2 
Width = Ii �rea cone? - Ii �rea x conc1 Equation 3. 4 
e. g. Width for 7591 .0875 MHz frequency= 
[((1.0000 x o.s2) + (o.9942 x 12) + (o.4783 x 22) + (o.043s x 42)) _ ((� x o.s) + 2.5160 2.5160 2.5160 2.5160 2.5160 
1 
(0.9942 x 1) + (0.4783 x 2) + (� x 4))2]2 = 0.6657% 2.5160 2.5160 2.5160 
After calculating average concentration and the width for each frequency, the 
average concentration vs area and width vs area plots were created using Excel. On these 
plots the frequencies showing similar behavior were observed in certain clumps which 
were scattered over on the plot (Fig. 3.3 and 3.4). A MathCAD routine was developed to 
extract these frequencies which are having similar behaviors with different C02 
concentrations from the clumps. Patterns were identified in the extracted frequencies and 
were assigned using the SPFIT program to give the rotational constants corresponding to 
these clusters. 10 Results from this analysis are given in section 3 . l l l.C. 
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Average Concentration vs. Area for VF/C02 Mixtures 
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Figure 3.3: The plot of average concentration of C02 (%) vs. area 
1.6 Width vs. Area for VF/C02 Mixtures 
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3. TI. D. Spectral assignment 
After finding the mother pattern, and the related constant difference patterns, the 
quantum numbers were assigned. Calculating the frequency differences between adjacent 
patterns roughly provided the rotational constants. The SPCAT program was run and 
gave a predicted rotational spectrum by using the approximate rotational constants. 10 The 
SPFIT program was run to line up the predicted spectrum and the experimental spectrum 
related to the specific experimentally likely structure and to get the experimental 
rotational constants (See 2.l l .C for more details). 10 
3. II. E. Predicting possible structures and rotational constants 
To predict the initial structures of the unknown molecular clusters, a wide range 
of formulae were systematically tested using both the Gaussian 09 approach and the 
ABCluster force field approach. Traditional ideas of building each cluster from smaller 
clusters, such as using the VF . . .  C02 dimer structures to build up the VF . . .  C02 . . .  C02 
trimer structures, did not work very well. All the structures guessed using the Gaussian 
09 approach and resulting from the ABCluster force fields calculations were optimized at 
the OFT level with roB97X-D and 6-31 +G(d,p) basis set to obtain theoretical rotational 
constants. 
3. Ill. Resu Its and Discussion 
3. Ill. A. Identification/Assignment of spectra 
There were easily observable "mother" constant difference patterns in the region 
of 6000 MHz to 8000 MHz of the VF/C02 1 % VF and I %  C02, I million spectra 
averaged scan (Fig. 3 . 1  ). The constant difference patterns that related to the mother 
pattern were distributed throughout in the scan within the 2-8 GHz region. The frequency 
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range of each constant difference pattern became wider as the transition frequency 
decreased. This is a general trend and when the quantum number of the transitions gets 
smaller the frequency range of the constant difference pattern will get wider. 
Spectra that were identified by recognizing these constant difference patterns in 
the VF/C02 scan were Labeled as BSL OO, BS200 and BS3 (Fig. 3.5). Also, two different 
constant difference patterns (BS400 and BS500) were extracted from the VF-only scan 
(Fig. 3.6). 
Figure 3.S: Mother constant difference patterns from VF/C02 scan; BS3, BSlOO and 
BS200 molecular clusters. In each inset the a, b, c and d letters show the transitions 
with specific frequency and the numbers show the J, K0 and Kc quantum numbers in 
the order of J KaKc 
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By looking at the width and the number of the constant difference patterns spread 
over the scan, the J values (used to denote the energy levels) were guessed. It was easy to 
guess the J values for BS3 and BS 100 after finding 2 or 3 constant difference patterns 
that belong to the specific molecular cluster. 
a &os·Su • 8-·717 b &u·Su b 811•717 
..... 
c 6os·S05 c a_-707 . ... 
d 611-505 d 811•707 
O Cllll ..... c d a 
0 000 0.000 
"37 - - "" 
Figure 3.6: Mother constant difference patterns from VF-only scan; BS400 and 
BS500 molecular clusters. In each inset the a, b, c and d letters show the transitions 
with specific frequency and the numbers show the J, Ka and Kc quantum numbers in 
the order of J KaKc 
The rotational constants can roughly be calculated, and the frequencies or 
frequency range of the next pattern can be predicted, when 2 or 3 constant difference 
patterns are found in line. Hence, the SPCA T program can be run whenever 2 or 3 related 
constant difference patterns are available and can furnish the predicted/theoretical 
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rotational spectrum. Predicted rotational constants and the intensities need to be found to 
run the SPCAT program. These could be rough predictions which help to get the 
theoretical spectrum. 
In  the case of BS200, it was hard to guess the J values for the initial patterns, 
since it had a large J value. Different J values were applied by looking at the width of 
constant differences spread throughout the scan, but they did not fit exactly. Hence, more 
constant differences related to the BS200 were needed to get the correct J value for 
BS200 pattern. In the 2000 MHz to 5000 MHz region, since the frequency range of the 
constant difference patterns is large (making them harder to spot) (Fig. 3.7), the constant 
difference extraction method was developed by using the Excel program. 
This can be observed in Fig. 3.7 where the numbers in the green color boxes are 
showing the frequency difference between the middle two transitions. The numbers in 
purple and orange color boxes show the constant differences in a specific pattern. 
Each frequency recorded also was in a linear relationship with the pattern number 
(Fig. 3.8). It was easy to predict the next frequency in the series by using the equation 
from these linear plots, because, the "y" value which is corresponding to frequency was 
calculated by plugging the pattern number in the place of the "x" in the equation. This 
predicted frequency was not exactly the same as expected frequency; because the 
predicted frequencies did not show the constant difference patterns as expected (the 
difference between orange box and purple box was more than 4 kHz (Fig. 3.7.b), but the 
predicted frequency gave some idea about the location of exact frequency. 
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Figure 3.7: a). The constant differences between consecutive frequencies (MHz) 
(purple and orange) and frequency difference between two constant difference 
patterns (green) b). Identification of constant difference pattern 
Relationships were observed not only between the frequencies and the pattern 
number, but also between the frequency differences and pattern number. There was a 
very important observation with the frequency differences getting larger when going 
down to the 2000 MHz region from 8000 MHz, because each consecutive frequency 
difference was increased by nearly the factor of two. Then these frequency differences 
were plotted against the pattern number, which gave a smooth curve type graph. The 
6 1  
order of polynomial was increased to give R2 close to 1 to get the equation for each plot 
(Fig. 3.9). This equation was useful to predict the frequency difference related to the next 
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Figure 3.8: The plots of frequency vs the constant difference pattern number. Each 
of the plots has the colored frame and the color resembles the corresponding 
frequencies which are in the same color boxes in the table. The x axis of each plot 
shows the pattern number (the highest frequencies have pattern number 1) and the 
y axis shows the corresponding frequency (MHz) 
The precision of the prediction was still sometimes not good enough to find the 
transition, because if the region in which the frequency is predicted particularly dense, 
there will be lots of options for each of the constant difference components that need to 
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be tested by hand. The predicted frequency gave the idea of the location of the exact 
frequency. For example, focusing on the red cells in Fig. 3.8, after the first four values 
were found, the next in line could be predicted. The four values were plotted in the graph 
and the next value predicted was 5096 MHz. The exact frequency was found at 
5094.5216 MHz nearby the predicted frequency. The Excel sheets were used to get the 
exact frequency in the series by searching cells within a reasonable frequency range 
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Figure 3.9: The plots of frequency difference vs constant difference pattern number. 
Each of the plots has the colored frame and the color resembles the corresponding 
frequency differences which are in the same color boxes around the table. The x axis 
of each plot shows the pattern number (the highest frequencies have pattern 
number 1)  and they axis shows the corresponding frequency differences (MHz) 
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More and more frequencies that belong to spectra of specific molecular clusters 
were found and assigned by following this method. The experimental rotational constants 
related to these molecular clusters were obtained after running the SPFIT program as 
discussed in Chapter 2 (Table 3.3). 
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Figure 3.10: Spotting the constant difference in the excel sheet using the find tool 
Table 3.3: The experimental rotational constants A, B and C for the molecular 
clusters which were found using constant difference patterns 
Parameter BSlOO BS200 BS3 BS400 BS500 
A / MHz 698. 1 605 ( 1 )  590.2371 ( 1 )  786.983 1 ( 1 )  602.57 1 4( 1 )  1 1 3 1 .8623( 1 )  
B I MHz 621 .6082( 1 )  356.7366( 1 )  683.6282(1 )  523.0 1 57( 1 )  906.6449(1 )  
C / MHz 457.4325( 1 )  3 1 1 .6427( 1 )  598.76 1 6( 1 )  490.9273( 1 )  603.0449(1 )  
When close attention is paid to the rotational constants in Table 3.3, the C 
rotational constant of the BS200 molecular cluster is nearly a half of the slope of each 
64 
graph that is shown in Fig. 3.8. Therefore, these graphs can be used to predict the 
rotational constants for unassigned species as well. 
3. III. B. Identification of molecular structures with the Gaussian 09 approach 
After assigning these spectra, the next step was to find structures for these 
clusters. By looking at the rotational constants, it was possible to guess that these clusters 
are larger than trimers, because the trimers and the dimers had bigger rotational 
constants. 
An initial Top-Side-Above structure for the VF . . . (C02)3 tetramer which had one 
C02 in the top position, one C02 in the above position and the last C02 in the side 
position of the VF molecule was predicted (Fig. 3 . 1 1 .a). The previously studied 
VF . . .  C02 dimer and VF . . .  C02 . . .  C02 trimer molecular cluster structures led to this 
prediction, and the predicted Top-Side-Above VF . . .  (C02)J tetramer was a combination of 
the Top-Above and Side-Above VF . . .  (C02)2 trimers. 1 1  But the optimizations did not 
give rotational constants that matched any observed experimental rotational constants 
(Table 3.4). Also, the predicted dipole moments were quite far away from those expected 
based on the intensities of the peaks. Hence, the Top-Side-Above VF . . .  (C02)3 tetramer 
structure that was predicted using the knowledge and structures of VF . . .  C02 dimer and 
VF . . .  C02 . . .  C02 trimer studies was not observed. 
The structure of the BS3 molecular cluster was guessed to be larger than a trimer, 
by looking at its rotational constants. Hence, when considering the tetramers that can 
form by using VF and C02 there are three different combinations such as, 
VF . . .  C02 . . .  C02 . . .  C02, VF . . .  VF . . .  C02 . . .  C02 and VF . . .  VF . . .  VF . . .  C02. Since the 
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molecular weights of VF (46 g/mol) and C02 (44 g/mol) are quite similar to each other, 
whatever combinations were tried for the tetramer always ended up with quite similar 
rotational constants. But one structure which had one VF molecule and three C02 
molecules gave the most similar rotational constants to the BS3 experimental rotational 
constants. In that structure, the three C02 molecules were made like a pinwheel structure 
with VF molecule located in the middle of that pinwheel (Fig. 3 . 1 1 .b). 
I :::> 90° 
a b 
Figure 3.11: Predicted structures for a). Top-Side-Above VF .. .  (C02)3 tetramer, b). 
BS3 molecular cluster 
The rotational constants of predicted VF . . .  (C02)3 pinwheel tetramer were nicely 
matched with the experimental rotational constants of BS3 and the dipole moments also 
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nicely matched with the peak intensities. To prove the experimental and theoretical 
rotational constants matched with each other nicely, the planar moments for each axis 
were calculated. The planar moments also proved that these theoretical rotational 
constants aligned with the experimental rotational constants (Table 3.4). This spectrum 
had strong a-type transitions and also observed comparatively weak b and c-type 
transitions. This observation was confirmed by the theoretical dipole moments. 





Parameter constants for 
VF ... (C02h 




A / M Hz 786.983 1 ( I )  962.5 78 1 .4 
B l  MHz 683.6282( 1 )  529.5 670.6 
C / MHz 598.76 1 6( 1 )  498.9 576.1 
Paa! amu AZ 470.5640(2) 596.9 492. I  
Pbb/ amu A'' 373.4765(2) 507.8 385.2 
Peel amu Az 268.6961 (2) 2 1 6.0 26 1 .5 
µa! D Strong 0.2 1 .3 
µb/ D Medium 1 .6 0.7 
µJ D Weak 0.5 0.3 
lntmaxl mV 12.6 1 5 8  
Previously carried out research studies on the C02 clusters have found that C02 
can form a trimer having a pinwheel like structure (Fig. 3. 1 2). 12 A pinwheel like 
arrangement bearing a C02 trimer fragment was observed within the predicted 
VF . . .  (C02)3 tetramer structure. Hence, this observation suggests that within the 
VF . . . (C02)3 tetramer structure the C02 molecules are trying to form the C02 trimer 




Figure 3.12: The C02 trimer ((C02)3) structure
12 
Figure 3.13: Predicted possible structure for BSSOO molecular cluster by the 
Gaussian 09 program 
The molecular cluster, BS500 which was found from the VF-only scan had lower 
rotational constants than VF . . .  C02 dimers and also these rotational constants were quite 
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similar to the studied VF . . .  C02 . • •  C02 trimer rotational constants. Hence, this BS500 VF-
only cluster was suspected to be VF trimer. Then using the Gaussian 09 program VF 
trimer optimizations were carried out. One VF trimer optimization gave theoretical B and 
C rotational constants which nicely match the BS500 B and C rotational constants (Fig. 
3 . 1 3), but the A rotational constant and dipole components were not matched with the 
experimental peak intensities (Table 3.5). Not only the dipole moments, but the predicted 
Pee values were also quite off (% error = 53.02%) from the theoretical value. Hence, this 
prediction was rejected, but the rotational constants confirmed that this BS500 should be 
a trimer structure. However, a nicely matching structure for BS500 was found through a 
different approach and it will be discussed later on in this chapter. 
Table 3.5: Experimental and predicted parameters for the BSSOO molecular cluster 
Parameter 
A / MHz 
B / MHz 
C / MHz 
Paa! amu A2 
pbb/ amu xi 








1 1 3 1 .8623( I )  
906.6449( 1 )  
603.0449( 1 )  
474.4800( I )  
363.5655( 1 )  
















It was assumed that the structure of BS200 molecular cluster could be a VF/C02 
pentamer since it has smaller rotational constants than the tetramer (Tables 3.3 and 3.4). 
The initial pentamer structures for all the combinations of VF and C02 were predicted 
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and two optimized structures had similar rotational constants to the BS200 molecular 
cluster (Table 3.6). 
Table 3.6: Comparison of Experimental parameters for 88200 molecular cluster 
with the Gaussian predicted parameters for (VF)4 ... C02 and VF . . . (C02)4 pentamers 
Experimental Predicted Predicted 
Parameter constants for constants for constants for 
88200 (VF}4 . . .  C02 VF ... (C02)4 
A / MHz 590.237 1 ( 1 )  549.2 562.3 
B I MHz 356.7366( 1 )  335.9 308.9 
C / MHz 3 1 1 .6427( 1 )  298.2 293.8 
Paal amu Az 1 09 1 .05 1 9(3) 1 1 39.5 1 228.8 
Pb,) amu A2 530.6096(3) 555. 1  491 .5 
Peel amu A2 325.6209(3) 365.1 407.3 
µa! D Strong 0.8 0. 1 
µ,J D Medium 1 .2 1 .3 
µJ D Weak 0.6 0.8 
Intma1/ mV 1 .6481 
• / 
'goo 




Figure 3.14: Predicted structures for a). {VF)4 ... C02 pentamer b). VF ... (C02)4 
pen tamer 
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Both structures were from the predictions of (VF)4. . .  C02 and VF . . .  (C02)4 
pentamers (Figs. 3 . 1 4.a and 3 . 1 4.b). Even though the theoretical and experimental 
rotational constants were close enough to each other, the planar moments and the dipole 
components of these predicted structures were not close enough to the experimental 
parameters. 
Both of the BS I 00 and BS400 molecular clusters were predicted to be tetramers 
by looking at the rotational constants (Table 3.3), because the experimental rotational 
constants of BS I 00 and BS400 were lower than the predicted VF . . .  C02 . . .  C02 trimer 
rotational constants and also higher than the predicted pentamer rotational constants of 
BS200 cluster. The possible structures were guessed for both BS I 00 and BS400. 
Different VF tetramers structures were optimized for BS400 since it was found from the 
VF-only scan, but possible structural matches were not found for BS I 00 and BS400. 
The Gaussian 09 approach provided some good structure candidates for observed 
spectra, but it also produced several unsatisfactory structures and there were some spectra 
with no good candidate structures, so other approaches to structure determination were 
needed. The coming sections will explain how other approaches were used for the further 
analysis. 
3. Ill. C. Usin2 concentration dependence studies to identify molecular formulas for 
the clusters 
Both satisfactory and unsatisfactory structures were produced by the Gaussian 09 
approach discussed in the previous section. The rotational constants of the unsatisfactory 
structures still gave an idea of how many molecules a certain cluster can contain. For 
instance, in the case of BS500 molecular structure, the theoretical rotational constants 
7 1  
were close enough to the predicted values to give the fact that it could be a trimer 
structure but the likely molecular arrangement was not determined. Hence, more data was 
needed to help predict structures for the unknown clusters. 
Some possible experimental ideas were generated such as changing C02 
concentration with constant VF concentration to get an idea of the composition of the 
unknown clusters, because larger clusters with large number of C02 seem to have better 
intensities at high concentrations of C02, while those with a lot of VF prefer low C02 
concentration and drop off intensity quickly as the C02 concentration increases. The 
ideas that were implemented in this project are originally from Prof. Brooks Pate at the 
University of Virginia. He has experimented with some analysis techniques with 
temperature variations to identify spectra for changing conformer populations of 
molecules and in this experiment, we are using concentration variations to identify 
structures and compositions. 
Some ideas were implemented from the extended cross correlation (XCC) 
technique which was developed by Prof. Robert W. Field to analyze big spectroscopic 
data sets. 13  The behavioral changes of the lines in the spectra (changes in the intensity of 
radiation absorbed, for instance) over the different conditions (such as systematically­
varying C02 concentrations, varying inert carrier gas, varying atomic masses) were 
observed similar to how they would be in the XCC technique. The C02 concentration 
was varied while keeping the VF concentration constant and the changes in peak intensity 
were observed, and to fully implement the XCC technique in this study, it would be 
necessary to plot the peak intensities from one spectrum vs. peak intensities from a 
second spectrum. In this case, the slightly different approach developed at UVa was 
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followed. Further developing innovative techniques such as XCC and the UVa approach 
will also help other researchers to analyze the components of complex mixtures. 
The intensity differences over the different C02 concentrations were tested in this 
concentration dependent approach. The intensity of a peak which belongs to a cluster is 
directly related to the abundance of the specific molecular cluster. rf the peak intensity is 
comparatively high at one concentration that means the cluster abundance is higher at 
that concentration. For instance, if one cluster's peak intensity is highest at 4% C02 
concentration and gradually lowers the peak intensities at 2%, I %  and 0.5%, that means 
this specific cluster prefers to make highest number of molecular clusters at 4% C02 
concentration and that is why it shows the highest peak intensity as well as if the peaks 
are strongest in 4% C02 scan, then the formula of the cluster is likely to have a higher 
ratio of C02:VF. 
After recording all the scans, they were all opened in an Origin 8 . 1  plot (Fig. 3 . 1 ). 
All the plots together showed that there is a clear relationship between the concentration 
and the peak intensity. Fig. 3 . 1 5  can be used to explain how the peak intensity differs 
with the different C02 concentrations. In this figure, it shows the VF/C02 scans with the 
constant difference patterns. For instance when considering the BS200 inset in Fig. 3 . 1 6  
to explain this phenomenon, the highest intensity peaks have tops that are black and red 
in color, representing the 0.5% and 1 % C02 concentrations, respectively. This 
observation shows that the BS200 cluster prefers more VF molecules in the molecular 
cluster and whenever the VF concentration is higher in the system it tends to form higher 
number of BS200 clusters. In the previous section, possible molecular structures were 
optimized for BS200 using Gaussian 09. The optimizations suggested that BS200 could 
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be a pentamer with four VF molecules and one C02 molecule. Hence, these C02 
concentration dependence plots are consistent with the Gaussian observations and 
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Figure 3.15: Intensity behavior over different C02 concentrations of the mother 
constant difference patterns of BS3, BSlOO and BS200 
This phenomenon can be confirmed using the already found BS3 cluster, the 
tetramer which had one VF molecule and three C02 molecules. Fig. 3 . 1 7  shows the inset 
from Fig. 3. l 5 belonging to BS3 molecule zoomed in with peak intensities of the mother 
constant difference pattern, which has the highest intensity peaks with blue color tops. 
The blue color plot is produced with the 2% C02 concentration, and the graph of intensity 
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- - -------- -
vs C02 concentration (Fig. 3 . 1 5) shows that whenever the C02 concentration is lower, 
peak intensity is lower. Hence, that can conclude the BS3 molecular cluster prefers more 
C02 molecules in the molecular cluster. 
* 
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Figure 3.16: Spotting constant differences using the peaks with same color tops 
These C02 concentration dependent plots helped to find constant difference 
patterns more easily, for example, in the Fig. 3 . 1 5  inset of 88200 (Fig. 3 . 1 6) having the 
mother constant difference pattern of the BS200 molecular cluster. In this figure green 
color stars mark peaks related to the constant difference pattern. If close attention is paid 
to the peaks in this figure, peaks assigned red stars also seem to be in a constant 
difference pattern, but in the C02 concentration dependent plots, the green starred peaks 
have red color tops, while the red starred peaks that do not belong to the constant 
difference pattern have blue and black color tops. So, the behavior of these peaks with the 
C02 concentration is different from other peaks. Therefore, these C02 concentration 
dependent plots are useful to identify patterns easily. 
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Figure 3.17: Peak intensities of the mother pattern frequencies of the BS3 molecular 
cluster over different C02 concentrations 
After observing these intensity behaviors over different C02 concentrations, the 
MathCAD approach that has been explained in the experimental section was developed. 
After doing all the steps mentioned in the experimental section (section 3.ll.C), average 
concentration vs area and width vs area plots were constructed (Fig. 3.3 and 3.4). To plot 
these graphs the l 000 strongest cluster peaks were used and then the clumps of points 
located throughout the plot were observed. The MathCAD routine was followed to 
extract five new groups of related peaks, corresponding to spectra of five molecular 
clusters with the points all lying in the general region of the plots close to the points for 
76 
the previously identified BS I 00 spectrum: BP I 00, BP200, BP300, BP400 and BP500. 
After the groups of related peaks were selected, patterns were identified from within 
these subsets of peaks from the whole data set, and these were then assigned and fitted by 
the SPFIT program and the experimental rotational constants were obtained (Table 3.7). 
Table 3.7: The experimental rotational constants A, B and C for the molecular 
clusters (BP100, BP200, BP300, BP400 and BPSOO), which were found using 
MathCAD approach 
Parameters BP JOO BP200 BP300 BP400 BPSOO 
A / MHz 1286.3 844( I 2) 779.4479(8) 492.7755(35) 828.4558(35) 804.77 1 9( 1 6) 
B I MHz 1 1 79.7087(9) 541 .4087( 1 )  357.0756(3) 772.8230(7) 752.6993( 13)  
C / MHz 720.7 1 53(5) 488.820 I ( I )  32 l .3 l I 5(3) 72 I .9246(7) 7 1 9.8689(9) 
All five spectra were found from the purple circled area of the average 
concentration vs area and width vs area plots (Fig. 3 . 1 8  and 3 . 1 9). The five different 
clusters extracted from this area showed similar intensity behavior over different C02 
concentrations (Fig. 3.20). 
This fact can be explained more by using the already known clusters: Top-Above 
and Side-Above VF . . .  C02 . . .  C02 trimers. The plots for these species are in the same 
region in Fig. 3 . 1 8  since they have the same composition and therefore similar intensity 
behavior over the different C02 concentrations. Likewise, the BS200 and BS3 cluster 
peaks are located at different places in Fig. 3. 1 8  since the cluster peaks have different 
intensity behavior (Fig. 3. I 5) over the different C02 concentrations. Finding clusters at 
different locations indicates that they have different compositions depending on their 
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Figure 3.18: The MathCAD plot of the average concentration of C02 (%) vs area. 
The circled area in the plot shows the cluster peaks for BSlOO, BPlOO, BP200, 
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Figure 3.19: The MathCAD plot of the width (%) vs area. The circled area in the 
plot shows the cluster peaks for BSlOO, BPlOO, BP200, BP300 and BP400 
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The purple color circled area in both plots (Fig. 3 . 1 8  and 3 . 1 9) contains peaks 
which belong to all five different identified unknown clusters (BPSOO is not shown in the 
plots). According to the intensity vs C02 concentration plot (Fig. 3.20), the clusters in 
this region show highest intensity with the lower C02 concentration. That shows these 
clusters prefer more VF molecules than C02 molecules in their molecular formulas, 
which was helpful to guess the formulas for these BP molecular clusters. The challenging 
part was to find the structures for these molecular clusters, which will be discussed 
further in Section 3. I I I  D. 
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Figure 3.20: Normalized intensity (r0"") vs. C02 concentration plots for BPlOO, 
BP200, BP300 and BP400 molecular clusters (The different colors are used to 
represent four different transitions that show how all the transitions of a given 
cluster follow the same intensity behavior as the C02 concentration is varied.) 
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Figure 3.21: Predicted structure for the BPlOO molecular cluster 
The BPI 00 molecular cluster has the rotational constants which are nearly the 
same to the rotational constants of the studied VF . . .  C02 . . .  C02 trimer structure. And also 
the intensity behavior plots (Fig. 3.20) showed that these BP clusters prefer more VF 
molecules inside the cluster structures. Hence, initial structural guesses for BPIOO which 
had two VF molecules and one C02 molecule were carried out using the Gaussian 09 
approach (Fig. 3.21).  One optimized VF . . .  VF . . . C02 trimer structure showed the 
theoretical rotational constants which are quite similar to the experimental rotational 
constants of the BP l 00 molecular cluster (Table 3.8). 
The predicted A value is quite off from the experimental value (% error = 5.92%). 
But when compared with the B (% error = 2.89%) and C (% error = 0.75%) constants, the 
A constant is not too way off. Further calculations were carried out to calculate the 
experimental and theoretical planar moments to show the guessed structure was nicely 
matching with the experimental parameters. The planar moments are not matching 100%, 
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but this is the best structural match obtained for BP I 00. The dipole moments were nicely 
matched with the peak intensities of a, b and c type transitions. 
Table 3.8: Experimental and predicted parameters for the BPlOO molecular cluster 
Experimental 
Predicted 
Parameter constants for 
constants for BPlOO (VF)z . . .  C02 trimer 
A / MHz 1286.3844( 12)  1367.3 
B I MHz 1 1 79.7087(9) 1 146.6 
C/ MHz 720.7 1 53(5) 726.1 
Pm,! amu A2 368.3 7 1 9(7) 383.6 
Pbb/ amu Ai 332.8467(7) 3 1 2.4 
Peel amu A2 60.02 1 1 5(7) 57.2 
µal D Strong 2.0 
µbl D Weak 1 . l  
µcl D Weak 1 .6 
Intmaxl mV 69.8278 
The BP200 molecular cluster had rotational constants nearly the same as the 
rotational constants of BS3, which was predicted to be the the VF . . . C02 . . .  C02 . . .  C02 
tetramer. Also, from the intensity behavior plots it was found that BP200 prefers more 
VF molecules than C02 molecules in it. Fol lowing this observation, structures with the 
VF . . .  VF . . .  VF . . .  C02 formula were optimized using the Gaussian 09 approach, but any of 
the theoretical rotational constants and dipole moments belonging to those structures did 
not match with experimental rotational constants for the unknown molecular clusters. 
Hence, Gaussian 09 calculations for another tetramer, VF . . .  VF . . . C02 . . .  C02, were 
carried out. 
One VF . . .  VF . . .  C02 . . .  C02 tetramer structure (Fig. 3 .22) gave theoretical 
rotational constants which are similar to the BP200 experimental rotational constants 
(Table 3.9). To confirm the rotational constants are matching with the experimental 
8 1  
rotational constants the planar moments were calculated for each axis. The planar 
moments also nicely matched with the experimental planar moments . 
.. 
Figure 3.22: Predicted structure for the BP200 molecular cluster 
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Figure 3.23: Comparison of the proposed structures for the molecular clusters and 
the intensity behaviors with different C02 concentrations 
All the structures predicted using the Gaussian 09 approach for the clusters with 
unknown structures were matched with the intensity behaviors over the C02 
concentrations. It can be clearly observed in Fig. 3.23, because the suggested numbers of 
VF and C02 molecules correspond to the intensity variation in these graphs. After finding 
these two likely structures for BP l 00 and BP200, the next task was to find structures for 
the other remaining unknown molecular clusters which are BP300, BP400 and BP500. 
This was a big challenge since the structures were getting larger, so the number of 
possible permutations of VF+C02 increases. As the number of molecules increases in the 
molecular cluster, the number of possible orientations for the molecules within the cluster 
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also increases. Hence, it was difficult to ensure the most stable conformations were 
considered in the Gaussian 09 structural optimizations. 
The high cost of optimizing larger clusters was the other challenge. Usually for 
these VF/C02 cluster studies MP2 level calculations were used. MP2 level calculations 
are usually used to calculate energies of loosely bound complexes and are very reliable. 
Fast OFT methods usually cannot perform calculations for molecules which have weak 
interactions, but OFT methods such as M06-2X or coB97X-O are capable of doing 
calculations for molecular clusters with weak interactions. MP2 optimizations take much 
longer to do than the OFT level optimizations, because some of the more involved parts 
of the calculation in an MP2 calculation are approximated in a OFT calculation rather 
than being calculated explicitly. In this approach, OFT level calculations were tested 
using the coB97X-0/6-3 I +G(d,p) basis set. The OFT level calculations with the coB97X-
0/6-3 l +G(d,p) basis set is relatively reliable and almost as accurate as the MP2 
calculations, that were used in the previous experiments. 
Table 3.10: Comparison of OFT and MP2 level theoretical constants with 
experimental constants of BS3 molecular cluster 
Experimental OFT level MP2 level 
Parameter constants for theoretical theoretical 
BS3 constants constants 
A / MHz 786.98 3 1 ( 1 )  78 1 .4 804.4 
B I MHz 683 .6282( 1 ) 670.6 690.9 
C/ MHz 598.76 1 6( 1 )  576.l 586.I 
P"al amu A2 470.5640(2) 492.0 482.7 
P6,,I amu A2 373.4765(2) 385.2 379.5 
Peel amu A2 268.696 1 (2) 261 .5 248.8 
µ"I D Strong 1 .3 1 .3 
µb/ D Medium 0.7 0.7 
µcf D Weak 0.3 0.4 
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Table 3 . 1 0  compares the OFT and MP2 level theoretical spectroscopic parameters 
with the experimental constants of the BS3 molecular cluster. The experimental A and B 
rotational constants are located in between the OFT and MP2 level constant values. Also, 
the planar moments and dipole moments of both levels were consistent with the observed 
transition intensities. 
3. III. D. Identification of the molecular structures with ABCluster approach 
To find the structures of the unknown molecular clusters the ABCluster program 
was used, which helps find the minimum energy structures. The force field approach in 
the ABCluster program which calculates energy of the structure by using charges of the 
atoms and Lennard-Jones potential of the molecules was used to find the minimum 
energy structures (see section 3.1 for details). The ABCluster program is a way to probe a 
lot of possible cluster arrangements rapidly. 
First ABC luster was tested with known molecular clusters (VF . . .  C02 dimers and 
VF . . .  C02 . . .  C02 trimers). Fig. 3.24 shows the first 30 lowest energy structures identified 
from the ABC luster force field approach for VF . . .  C02 . . .  C02. Low energy 
experimentally observed Top-Above and Side-Above trimer structures were found within 
these 30 structures (Fig. 3.24). Same structures with slight changes in distances, angles 
and dihedrals were able to be observed multiple times among these 30 structures and the 
experimentally observed structures were corresponding to those structures. Other than the 
experimentally observed structures it produced different arrangements which had higher 
energies, and because of the high energy, they would be less likely to exist 
experimentally. Testing the known molecular cluster which is VF . . .  C02 . . .  C02 trimer 
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with ABCluster force field approach proves that it is reliable and accurate in predicting 
possible structures for different molecular combinations for larger clusters. 
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Figure 3.24: Top 30 bits for the VF . . . C02 .. .  C02 trimers obtained using the 
ABCluster force field approacb6•7•8 
The ABCluster force field approach was used to find minimum energy structures 
for VF/C02 tetramers and pentamers with different permutations of VF+c02• Then, more 
accurate structural matches for BS200 and BP300 were found. Also, the possible 
minimum energy structures were predicted by the ABCluster program for BS500 which 
was previously found as a VF trimer using the Gaussian 09 approach. 
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Table 3.1 1 :  Spectroscopic parameters for BS200, BP300 molecular clusters and 
minimum energy structures of all the possible pentamer permutations obtained by 
ABCluster program (see Table 3.6 for predictions from Gaussian approach) 
Experimental Experimental 
Parameters constants for constants for VF(C02)4 (VF)2(C02h (VF)3(C02)2 (VF)4C02 
88200 BP300 
A / MHz 590.23 7 l { l )  492.7755(35) 574.4 535.8 539.9 496.3 
B I MHz 356. 7366( I )  357.0756(3) 405.1 424.4 366.8 366.2 
C / MHz 3 1  1 .6427( I )  32 1 .3 1 1 5(3) 395.l 347.I 3 1 1 .3 32 1 .0 
Paa! amu A2 I 09 1 .05 19(3) 981 .3070(7) 823.5 85 1 .9 1032.5 968.l 
Pbb/ amu A2 530.6096(3) 591 .5560(7) 455.7 604.2 590.8 606.2 
Peel amu ),/ 325.6209(3) 434.0206(7) 424.I 338.9 345.2 4 1 2.0 
µ,,! D Strong Strong 0.8 0.0 0.7 1 .3 
µ� D Medium Weak 0.3 0.3 0.3 0.4 
µJ D Weak Weak 1 .3 0.7 0.03 0. 1 
lntmaxl mV 1 .6481 0.3034 
The Gaussian approach was used to find the possible structures for the BS200 
molecular cluster and this attempt was not successful, because the predicted 
spectroscopic parameters did not match with the experimental values (Table 3.6). Also, 
the concentration dependence study helped to eliminate the VF . . .  (C02)4 pentamer 
structure since the BS200 prefers more VF molecules than C02 molecules within the 
clusters (Fig. 3 . 1 5). The ABCluster program was used to predict low energy structures for 
BS200 with all the possible permutations with more VF molecules in it (Table 3 . 1 1  ). 
Finally, a possible structure for BS200 was found by using the ABCluster program. 
The proposed structure for the BS200 cluster had al I the rotational constants, 
planar moments and the dipole components, match the experimental parameters (Table 
3 . 1 1  ). The proposed structure had three VF molecules and two C02 molecules which 
explains the fact that BS200 prefers more VF molecules than C02 molecules within the 
cluster (Fig. 3.25). In this case, the B and C rotational constants are quite nicely matching 
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with the predicted value, but the percentage difference of 9.3% was observed when 
comparing the predicted and the experimental A rotational constants. 
, 
Figure 3.25: Predicted structure for the BS200 molecular cluster 
i ,90° 
Figure 3.26: Predicted structure for the BP300 molecular cluster 
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A possible structural match for BP300 was also found by using the ABCluster 
program (Fig. 3.26). The experimental structural parameters were nicely matched with 
the predicted structural parameters (Table 3 . 1  l ). This proposed structure was composed 
of four VF molecules and one C02 molecule and this nicely agreed with the intensity 
plots that were studied previously (Fig. 3.20), because the BP300 molecular cluster 
intensity plot shows highest intensity at low C02 concentrations and that suggests the 
BP300 cluster prefers more VF molecules than C02 molecules in the molecular cluster. 
A possible structure for BS500 (which was found to be a VF trimer) with the 
Gaussian 09 approach was predicted (Fig. 3 . 1 3), but it was not the best structural fit. 
Hence, possible lower energy structures were predicted with the ABCluster program and 
one optimized structure was shown to be the best match for the BS500 molecular cluster 
(Fig. 3.27). 
Figure 3.27: Predicted structure for the BS500 molecular cluster by the ABCluster 
program 
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All the parameters for the predicted structure were nicely matched with the 
experimental parameters (Table 3 . 12). The root-mean-square percent differences between 
observed and predicted rotational constants were calculated, as discussed in Chapter 2 in 
detail, to prove the improved match. The structure obtained from Gaussian gave the value 
4.96%, and the structure obtained through the ABCluster force field method and then 
optimized by Gaussian gave 1 .3 1  %. When comparing the root-mean-square percent 
differences between observed and calculated rotational constants obtained through the 
Gaussian approach and the ABCluster approach it was obvious that the ABCluster 
approach (including optimization using Gaussian of the structures obtained by 
ABCluster) predicted more precise and accurate structure for the BS500 molecular 
cluster. 
Table 3.12: Comparison of experimental parameters of the BS500 molecular cluster 
with the predicted structural parameters by the ABCluster and Gaussian programs 
Predicted 
constants by Predicted 
Experimental ABCluster constants for 
Parameter constants for force field best structure 
BS500 approach and from Gaussian 
optimized by 09 approach 
Gaussian 
A / MHz 1 1 3 1 .8623( 1 )  1 1 53.08 1 234.8087 
B I MHz 906.6449( 1 )  894.9487 92 1 .8830 
C / MHz 603.0449(1 )  602.22 1 7  595.2387 
P0,,I amu Az 474.4800(2) 482.8034 493.9809 
Pbb/ amu Az 363.5655(2) 356.3879 355.0550 
Peel amu A" 82.9367(2) 8 1 .8984 54.2221 
µa! D Weak 0.2809 1 .3425 
µb/ D Strong 1 .3757 0.6 1 1 4  
µcl D Medium 0.61 2  0.55 1 5  
l ntmul mV 1 .6371 
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At this point structures for five unknown molecular clusters (BS3, BS200, BS500, 
BP I 00, and BP300) were found, and five unknown molecular clusters still remain 
(BS I 00, BS400, BP200, BP400 and BP500). BS400 was found from the VF only scan 
and by looking at the rotational constants it can be predicted that this molecular cluster 
could be a tetramer of VF ((VF)4), because the rotational constants of the BS400 
molecular cluster were smaller than the rotational constants of BS500 which was VF 
trimer. The rotational constants of the BS400 molecular cluster were in the range of 
VF+C02 tetramer clusters that was found through this study. 
By looking at the rotational constants and the intensity behavior as a function of 
the C02 concentration helps predict the composition of the unknown clusters. Structures 
that contain HiO molecules were not optimized since originally the peaks corresponding 
to any H20 transitions were not observed in the scans, but there could be some H20 
molecules trapped inside the samples which would like to form complexes with VF and 
C02. So for the further studies structures with the H20 molecules should be optimized. 
Also, a spectrum which is a dimer that contains VF and Ne was able to be assigned from 
the VF-only scan (ongoing study (see Appendix 1 1  for more details)); therefore, the 
unidentified molecular clusters might also contain Ne. Hence, for further studies, 
molecular clusters which contain Ne ir1 the formulae should be optimized. 
Both BP400 and BPSOO molecular clusters have nearly the same rotational 
constants and also the numbers of transitions corresponding to these two molecules is 
smaller compared to other assignments. BPSOO was suspected as isotopic substituent of 
the BP400 molecular cluster. Then the peak intensities were examined to confirm this 
assumption and the peak intensity of the BPSOO was about 1/3 of that of BP400. Ne has 




Ne which have the relative abundance ratio of 9:1  but the 
intensity ratio of 
2°Ne:
22
Ne is usually less than 9: I due to quantum mechanical isotope 
effects. Hence, for BP400:BP500 the peak intensity ratio should be observed less than 9: I 
if they correspond to 
2°Ne and 
22
Ne isotopologues of the same species. To confirm this 
hypothesis experiments are ongoing. 
As a summary, the development of new techniques to find more molecular 
clusters is very helpful to reduce the number of unassigned transitions from a specific 
scan. Even though it is possible to find many molecular clusters from a scan, it is not an 
easy task to find the structures of the molecular clusters. But the approaches such as 
concentration dependence plots will help to determine the composition of the molecular 
clusters. Moreover, programs like ABCluster help to predict the lower energy structures 
and ensure that the most favorable structures are being considered. Therefore, using 
combinations of different techniques will help to assign spectra for molecular clusters and 
find structures for them. Up to now, using the integrated techniques possible structures 
were found for BS200 ((VF)3 . . .  (C02)2), BS3 (VF . . .  (C02)3), BS500 ((VF)3), BPIOO 
((VF)2 . . .  C02), BP200 ((VF)2 . . .  (C02)2, and BP300 ((YF)4. . .  C02) molecular clusters and 
sti II need to find structures for BS I 00, BS400, BP400 and BP500 molecular clusters. 
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4. I. VF . . . C02 .. .  C02 trimer study 
Chapter 2 describes the two experimentally observable isomers of the 
VF . . .  C02 . . .  C02 trimer which are Side-Above and Top-Above structures. Both Side­
Above and Top-Above trimers are combinations of previously studied VF . . .  C02 dimers.1 
The Above form of the VF . . .  C02 dimer which was not observed experimentally in the 
dimer studies was also observed as part of the VF . . .  C02 • • .  C02 trimer structures. Within 
the VF . . .  C02 . . .  C02 trimer structures it can be observed that the C02 molecules are 
arranged similarly to C02 dimers.
2 
These dimers are more close to the T shaped C02 
dimer structure, which is energetically less favorable than the sl ipped parallel form of 
(C02)2. The higher energy T shaped C02 dimer can be stabilized within the 
VF . . .  C02 . • .  C02 trimers in the presence of the VF molecule. 
When comparing the atom . . .  atom distances of the previously studied VF . . .  C02 
and C02 . . .  C02 dimers and the VF . . .  C02 . . .  C02 trimers, the atom . . .  atom distances 
within trimers are generally less than within dimers. Hence, the trimers can form more 
compact structures than the dimers, because of increased attractive interactions as a result 
of additional interacting monomers. 
4. II. Developing new approaches to decode rotational spectra and to find the 
structures of unknown molecular clusters 
Chapter 3 collectively describes how the unknown molecular clusters and their 
structures were found by using different analytical tools. Looking at the constant 
difference patterns in the original VF/C02 scan (Excel approach) identified the BS 
molecular clusters (BS 1 00, BS200, BS3, BS400 and BS500) and the MathCAD approach 
found the BP molecular clusters (BP I 00, BP200, BP300, BP400 and BP500). All  
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identified cluster spectra were satisfactorily fitted to obtain experimental rotational 
constants (Table 4.1 and 4.2). 
A matching structure was found for BS3 (Fig. 4 . 1 .a) by the Gaussian approach. 
Also, possible structures for BS200 ((VF)3 . . .  (C02)2) (Fig. 4.1 .b) and BS500 ((VF)3) (Fig. 
4.1 .c) were found by the ABCluster force field approach. For the BP molecular clusters, 
identified by the MathCAD approach, matching structures were found for BPIOO 
((VF)i . . .  C02) (Fig. 4.2.a) and BP200 ((VF)i . . .  (C02)2) (Fig. 4.2.b) from the Gaussian 
approach. Also, a possible structure for BP300 ((VF)4. . .  C02) (Fig. 4.2.c) was found by 
the ABCluster force field approach. 
, 
a b c 
Figure 4.1: Predicted structure for a). BS3 (VF .. . (C02)3), b). BS200 
((VF)3 . . . (C02)2), c). BSSOO ((VF)3) molecular clusters 
Atom . . .  atom distances of VF . . .  C02 dimers and VF . . .  C02 . . .  C02 trimers were 
compared in Chapter 2 and shortening of atom . . .  atom distances from VF . . .  C02 dimers 
was observed when it came to the VF . . .  C02 . . .  C02 distances (Figs. 4.3 and 4.4). 
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Table 4.1: Experimental rotational parameters for the BS molecular clusters 
Parameter BSlOO BS200 BS3 BS400 BSSOO 
A / MHz 698.1 6045( 1 1 )  590.23708(9) 786.9831 0(9) 602.57143(7) 1 1 3 1 .86231 7(48) 
B I MHz 62 1 .6082 1 (8) 356. 736570(38) 683.62819(8) 523.01 568(5) 906.644889( 44) 
C I MHz 457.43250(8) 3 1 1 .642724(33) 598.76 1 57(8) 490.92731(5) 603.044894(48) 
61 I kHz 0.3243(1 5) 0.07 1 24( 1 3) 0.2399( 1 3) 0.2257(5) 0.9609(8) 
ll1KI kHz - 0.3 178(6) 0.0680(6) 0.864(5) 0.0349(22) 1 .841 ( I )  
llK I kHz 0.5 1 3(5) 0.0800(29) -0.629(5) 0.2080( 3 1 )  -0.544( 1 )  
d1I kHz 0.0797(7) 0.00760(9) 0.01 94(7) 0.00934(28) 0.25335( 1 1 ) 
dK / kHz 0.0673(30) -0.564(5) -0.3560(3 l )  0.84761(7) 
K 0.364 -0.676 -0.098 -0.425 0.148 
Paa! amu A2 596S8 14  I (24) I 091 .05 1 90(27) 470.56395(16) 578.50627( 1 7) 4 74.4 7996(7) 
Pb,,I amu A2 507.8351 5(24) 530.60960(27) 373.47654( 16) 450.93 128( 1 7) 363.56545(7) 
Peel amu A2 2 1 6.03714(24) 325.62093(27) 268.69609( 16) 387.7726 1 ( 1 7) 82.93674(7) 
RMS/ kHz 1 .6 1 .5 1 .2 1 .2 1 .2 
# of lines 1 1 3 144 88 1 1 9 144 
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Table 4.2: Experimental rotational parameters for the BP molecular clusters 
Parameters BPIOO BP200 BP300 BP400 BP500 
A / MHz 1 286.3844( 1 2) 779 .44 79(8) 492.7743(35) 828.4558(35) 804.77 19( 1 5 )  
B I MHz 1 1 79.7087(9) 541 .40873( 1 1 ) 357 .07584(32) 772.8230 (7) 752.6993( 1 2) 
C / MHz 720.7 1 527(47) 488.820 1 0( 1 2) 32 1 .3 1 1 55(25) 721 .9246(7) 7 1 9.8689(9) 
!::.1 I kHz 20.948(24) 0.3663( 12) 0.0800(1 0) 1 . 5 1 4( 1 1 )  1 .508( 16) 
!::.1x I kHz -70.28(10) -0.439(6) -0.087(6) 3.61(5) 3.75(8) 
!J.x I kHz 50.72(9) -3.814(38) 3.40(42) 
c51 I kHz -7.08 1 ( 1 3 ) 0.0158(15) 0. 1 39(8) 0 . 108( 1 1 )  
bx! kHz 1 55 .90(37) 0.239(35) -4.95(7) -4.47(8) 
<PJJxl ffz3 -78.61 (40) 
<P1xxl Hz1 242.2( 1 1 ) 
<Pxl Hz1 - 1 64.4(9) - 1 56( 1 5 )  
t/>JJI mHzb - 1 2(6) 
¢>kw mHzb - 1 4 1 ( 1 3) 
K 0.623 -0.638 -0.583 -0.044 -0.227 
P00! amu A2 368.3720(7) 659.4732(7) 981 .305(7) 371 .9788(27) 372.7437(1 8) 
Pb,) amu A2 332.8467(7) 374.402 1 (7) 59 1 .558(7) 328.0653(27) 329.2994( 1 8) 
Peel amu A2 60.02 1 1 (7) 273.9787(7) 434.022(7) 281 .9600(27) 298.6786( 1 8) 
RMS/ kHz 2.9 2.6 2.9 2.9 2.9 
# of lines 30 48 84 23 1 6  
a, 
bThe <l> rp p gher p g1 ( ather than 
.f) 
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The T-shaped C02 dimer structure was observed Within the VF . . . C02 . . .  C02 
trimers (Fig. 4.5.a) (See Chapter 2 for more details). Then the atom . . .  atom distances 
were compared to the newly found BS and BP molecular clusters. 
I 
a b c 
Figure 4.2: Predicted structure for a). BPlOO ((VF)z ... C02), b). BP200 
((VF)2 ... (C02)2), c). BP300 ((VF)4 . . •  C02) molecular clusters 







Figure 4.3: Comparison of atom ... atom interaction distances in VF .. .  C02 dimer 
structures a). Top b). Side c). Above (the distances shown are theoretical and the 
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Figure 4.4: Comparison of atom .. .  atom interaction distances in VF .. .  C02 • • •  C02 
trimer structures a). Top-Above b). Side-Above (the distances shown are theoretical 
and the optimizations were carried out at the MP2/6-31l++G(2d,2p) level) 
••• I 
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Figure 4.5: Comparison of atom .. .  atom interaction distances in C02 • • •  C02 dimer 
structures a). T-Shaped b ). Slipped parallel (the distances shown are theoretical and 
the optimizations were carried out at the MP2/6-3ll++G(2d,2p) level)2 
Atom . . .  atom distances for BS3 molecular cluster which was found to be 
VF . . .  (C02)3 tetramer, was compared with previously assigned VF . . .  C02 dimers, 
VF . . .  C02 . . .  C02 trimers and theoretical C02 trimer distances.
3 
C . . .  F and O . . .  H distances 
were larger within BS3 compared to the VF .. .  C02 dimers and VF . . .  C02 . . .  C02 trimers 
(Fig. 4.6.a). The average increase of the c . . .  F distance was - 0.5 A and the o . . . H 
distance was --0.3 A. Even though the c . . .  F and 0 . . . H distances increased, distinctive 
C . . .  O interactions were observed between C02 molecules in the BS3 molecular cluster 
(Fig. 4.6.b), because, C02 molecules are trying to form (C02)3 pinwheel structure (Fig. 
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4.6.c) withjn BS3 rather than forming C . . .  F and O . . .  H interactions. Hence, 
VF . . .  C02 . . .  C02 trimers are trying to form more compact structures than BS3 cluster 
(VF . . .  (C02)3). The C . . .  0 distances within BS3 (Fig. 4.6.b) were compared with the 
theoretical values of the C02 trimer (Fig. 4.6.c). These distances were nicely matched 
with each other and it can be concluded that C02 trimer is contained within the BS3 
molecular cluster. 
,/ "3.os A 
a b 
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Figure 4.6: Comparison of atom .. .  atom interaction distances in BS3 (VF ... (C02)3) 
with C02 trimer a). C .. .  F and O . .. H within BS3 b). C .. . O within BS3 c). C ... O 
within C02 trimer (the distances shown are theoretical and the optimizations were 
carried out at the roB97X-D/6-31+G(d,p) level)3 
Atom . . .  Atom distances within BS200 molecular cluster which was found to be a 
pentamer with three VF and two C02 molecules were compared. A T-shaped C02 dimer 
fragment was observed within the BS200 molecular cluster because the atom ... atom 
distance between C . . .  0 is 3.03 A and it is much closer to the distance in Fig. 4.5.a (3.01 
A). Also, within the BS200 molecular cluster VF trimer structure was observed. Hence, 
H . . .  F distances in BS200 were compared with the BS500 which was found to be VF 
trimer (Figs. 4.7.b and 4.7.c). Shortening of H . . .  F distances in BS500 were observed 
within BS200. That suggests when the larger molecular clusters form the atom .. .  atom 
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distances get shorter and they form more compact structures with stronger interactions 
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Figure 4.7: Comparison of atom .. .  atom interaction distances in 88200 
((VF)3 . • •  (C02)2) with 88500 (VF trimer) a). C ... F, O . . .  H and C ... O within 88200 
b). H .. .  F within 88200 c). B .. .  F within 88500 (the distances shown are theoretical 
and the optimizations were carried out at the ro897X-D/6-31+G(d,p) level) 
The atom . . .  atom distances in BP molecular clusters were compared with known 
structures (Fig. 4.8). The shortening of interaction distances were observed for all the 
structures, collectively. The major difference between BPI 00 and BP200 is the BP200 
has one more C02 molecule than BPI 00. Hence, the overall atom . . .  atom distances are 
shorter in BP200 compared to BPIOO (Fig. 4.8.a and 4.8.b). The C . . .  O distance (3 .08 A) 
in BP200 molecular cluster (Fig. 4.8.b) is closer to the value of slipped parallel C02 
dimer structure (3. 1 1 A) (Fig. 4.5.b), but jt does look more like the T-shaped structure. 
BPI 00 and BP200 molecular clusters both contain VF dimer itself. VF dimer in BP200 
bas shorter H . . .  F distances compared to BPlOO ((VF)2 . . . (C02)2), because the cluster size 
is smaller in BP 100, and BP200 can form strong interactions within the cluster. The 
1 04 
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Figure 4.8: Comparison of atom ... atom interaction distances in BP molecular 
clusters a). BPlOO ((VF)2 . . .  C02) b). BP200 ((VF)2 ... (C02)2) c). BP300 ((VF), . . .  C02) 
(the distances shown are theoretical and the optimizations were carried out at the 
IDB97X-D/6-31+G(d,p) level) 
When the cluster size becomes larger, they tend to form more compact structures 
which have stronger interactions. Average interaction distances in pentamers (BS200 
((VF)3 . . .  (C02)2) and BP300 ((VF)4. . .  C02)) are lower than the tetramers (BS3 
(VF . . .  (C02)3) and BP200 ((VF)2 . . .  (C02)2) and trimers (Top-Above and Side-Above 
VF . . .  C02 . . .  C02 and BPIOO((VF)2 . . .  C02)). Hence, the interactions in pentamers are 
stronger than tetramers and trimers, because of that the pentamers can form more 
compact structures. Also, when the smaller cluster fragments combined with each other, 
they can form more compact structures. For instance, BS200 pentamer (Fig. 4.7.a) has 
three VF molecules and two C02 molecules. When the BS200 break down into 
fragments, VF trimer and C02 dimer fragments can be observed. When comparing 
average interaction distances within VF trimer fragment in BS200 and BS500 (VF 
trimer), shortening of distance (� 0 . 14  A) within VF trimer fragment was observed. 
1 05 
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Fig. 4.9 shows the normalized intensity behavior over different C02 
concentrations for the VF .. . C02 dimers, VF . . .  C02 . . .  C02 trimers, BS and BP molecular 
clusters. Studied VF . . .  C02 dimers (Figs. 4.3.a and 4.3.b) steep negative slopes, and this 
observation suggests VF . . .  C02 dimers are preferred to have lower C02 concentration in 
order to form clusters. Normalized intensities are higher at the both l % and 2% C02 
concentrations for studied VF . . .  C02 . . .  C02 trimers (Figs. 4.4.a and 4.4.b), and this 
observation suggests that trimer clusters favor more C02 molecules. The observation and 
structure of VF . . . C02 . . .  C02 are compatible with each other, because structures of 
trimers are preferred to have more C02 than VF in the clusters. 
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Figure 4.9: The plot of normalized intensity vs C02 concentration (%) for the 
VF . . .  C02 dimers, VF .. .  C02 • • •  C02 trimers, BS and BP molecular clusters 
The behavior of BS3 and BS200 is quite unique when compared to the other 
clusters, and the plot in Fig. 4.9, suggests that 8$3 cluster should have more C02 
molecules in it and the predicted structure which is VF . . .  (C02)3 (Fig. 4.6.a) proves that. 
106 
BS200 should have more VF than C02 in the structure, since the normalized intensity is 
higher at the both 0.5% and I %  C02 concentrations, and this observation proves the 
predicted structure which is ((VF)3 . . . (C02)2) (4.7.a). The normalized intensity variation is 
quite similar for BS 100 and BP clusters which is normalized intensity is higher at the 
0.5% concentrations. This observation suggests BP molecular clusters should have more 
number of VF than C02 in molecular formulas, and the above observation was proved by 
predicted structures for BPI 00 ((VF)2 . . .  C02) (Fig. 4.8.a) and BP300 ((VF)4. . .  C02) (Fig. 
4.8.b ), since all the molecular formulas have higher ratio of VF:C02. 
Table 4.3: Possible molecular formulas of BS and BP molecular clusters and their 
confidence scores 
Formula Confidence 
VFnl C02)m Limit8 
n m 
BS3 I 3 9 
BSlOO 3 1 5 
BS200 3 2 7 
BS400 4 0 3 
BSSOO 3 0 9 
BPlOO 2 1 7 
BP200 2 2 7 
BP300 4 l 7 
BP400b - - I 
BPSOOb - - I 
aconfidence limit ranging - 1 O=has a definite structure, l =no clue about the structure 
blsotopic species which may contain Ne in the molecular cluster 
Table 4.3 summarizes the guessed structural composition of the BS and BP 
molecular clusters and their confidence scores (these confidence scores attempt to give a 
numerical ranking to the confidence of the assignment). The theoretical parameters of the 
structures of BS3 and BS500 closely matched with the experimental parameters. Hence, 
the BS3 and BS500 have higher confidence score compared to other predicted structures. 
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More structural predictions and optimizations are needed for the structures which have 
confidence limit lower than 5 .  In this case, more possible structural guesses are needed to 
be sure that there are no better matches than the assigned structures. According to the 
rotational constant values the BS400 could be a VF tetramer and more structural 
predictions are needed for this molecular cluster. . 
BP400 could be a structure containing a Ne atom and BP500 would be the 
22
Ne 
isotopologue of it. BP400 and BP500 could be tetramers, because the rotational constants 
are in the range BS3 (VF . . .  (C02)3) and BP200 ((VF)2 . . .  (C02)2) which were predicted to 
be tetramer structures (Tables 4 . 1  and 4.2). For instance, the A rotational constant of 
BP200 ((VF)2 . . .  (C02)2) (779.4479 MHz) is closer to the BP400 (828.4558 MHz) and 
BP500 (804. 77 19  MHz) values. There are a few possible structural combinations for 
BP400 and BP500 such as, VF . . .  (C02)2 . . .  Ne, (VF)2 . . .  C02 . . .  Ne and VF . . .  C02 . . .  Ne2. 
Fig. 4. I 0 shows the MathCAD plot of the average concentration (%) vs area with 
black circled area in the plot. These black circles show the other regions that should be 
looked at to identify additional molecular clusters. Hence, there are many more clusters 
remaining in the original scan to be extracted and assigned. 
A spectrum for VF . . .  VF dimer was also extracted from the VF-only scan and it 
was completely analyzed to determine the structure of (VF)2.4 Also the microwave 
spectrum for the VF . . .  Ne dimer was identified and we found a matching theoretical 
structure for this cluster (for more details see Appendix II) .  
This study shows how chirped-pulse Fourier-transform microwave spectroscopy 
was used as an analytical tool to find molecular clusters and the structures for them. 
Furthermore, continual development and refinement methods to find good structural 
1 08 
matches for the assigned spectra are needed. Also, there is a need to set threshold values 
for the theoretical structural parameters. Developing some statistical measures of the 
"goodness" or "quality" of agreement between a predicted structure's properties and 
experimental observations is needed, since there are lots of possible predicted structural 
matches for the unknown molecular clusters. 
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Figure 4.10: The MatbCAD plot of the average concentration (%) vs area. The 
black circled area in the plot shows the other regions that should be paid attention 
to, to identify additional molecular clusters 
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Measured frequencies for VF+C02 
and VF-only molecular clusters 
1 1 1  
Table I.1: Side-Above VF . . .  C02 • • •  C02 trimer 
Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J" Ka'' Kc'' (MHz) (MHz) (MHz) 
5 3 3 5 2 3 2075.6095 2075.6097 -0.0002 
3 I 2 3 0 3 2076.2784 2076.2753 0.003 1 
5 2 3 5 2 4 221 5 . 1346 221 5 . 1 366 -0.0020 
1 I 1 0 0 0 2446. 1 229 2446 . 1233 -0.0004 
5 3 2 5 2 3 2601.8679 2601.8683 -0.0004 
2 2 I 2 1 2 2623.6427 2623.643 -0.0003 
5 2 3 5 1 4 2644.2555 2644.2566 -0.00 1 2  
6 3 3 6 2 4 2674.0346 2674.0334 0.00 1 1 
4 3 2 4 2 2 2684.2436 2684.2437 -0.0001 
2 2 0 2 I 2 2730.1342 2730.1326 0.00 1 6  
1 I 0 0 0 0 2770. 1 0 1 1 2770. 1 0 1 8  -0.0007 
4 3 I 4 2 2 2836.2673 2836.2681 -0.0008 
7 4 4 7 3 4 3027.2950 3027.2953 -0.0003 
4 1 3 4 1 4 3087.4889 3087.4922 -0.0034 
2 0 2 I 1 1 3 1 33.9584 3 1 33.9577 0.0007 
3 3 1 3 2 1 3 1 47.5034 3 147.5036 -0.0002 
4 1 3 4 0 4 3 1 47.9866 3 1 47.9864 0.0002 
3 2 2 3 1 3 3 1 68.0478 3 1 68.0468 0.00 1 1 
3 3 0 3 2 I 3 1 70.8455 3 1 70.8453 0.0002 
7 3 4 7 2 5 3 1 77.0375 3 1 77.0378 -0.0003 
3 2 2 3 0 3 3323.8792 3323.8821 -0.0029 
8 4 4 8 3 5 3409.6868 3409.6897 -0.0030 
2 I 2 1 1 I 3467.0650 3467.0665 -0.00 1 5  
6 2 4 6 2 5 3487.4949 3487.4926 0.0023 
7 4 3 7 3 4 3549.2272 3549.2282 -0.0009 
3 3 l 3 2 2 362 1 . 1 147 362 1 . 1 1 53 -0.0006 
3 2 1 3 1 3 3641 .6546 3641 .6585 -0.0039 
3 3 0 3 2 2 3644.4584 3644.4571  0.00 1 3  
6 2 4 6 I 5 3679.9291 3679.931 1 -0.00 1 9  
2 0 2 1 0 I 3684.5443 3684.545 1 -0.0008 
6 4 3 6 3 3 3797.6160 3797.6 1 78 -0.00 1 8  
4 3 2 4 2 3 3866.9103 3866.9 1 14  -0.001 1 
4 2 3 4 1 4 389 1 .6 1 42 389 1 .6 1 40 0.0001 
4 2 3 4 0 4 3952.1068 3952.1082 -0.00 1 3  
6 4 2 6 3 3 3963. 1 6 1 4  3963 . 1 622 -0.0008 
3 0 3 2 l 1 4014.3130 401 4 .3 1 1 1  0.00 1 9  
2 1 2 I 0 I 401 7.6540 4017.6539 0.0001 
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Quantum numbers Vobs VcRlc Vobs- Veale 
J' Ka' Kc' J" Ka'' Kc' '  (MHz) (MHz) (MHz) 
4 3 I 4 2 3 401 8.9353 401 8.9358 -0.0005 
2 I I I I 0 4 1 1 5.0057 4 1 1 5.0057 -0.0004 
8 3 5 8 2 6 4 1 29.5341 4 1 29.5342 -0.0001 
5 3 3 5 2 4 4290.7459 4290.7464 -0.0005 
5 I 4 5 1 5 4332. 1 1 0 1  4332.1 095 0.0006 
3 I 2 2 2 0 4332.37 1 5  4332.37 17  -0.0001 
5 1 4 5 0 5 4353.0879 4353.0879 -0.0000 
5 4 2 5 3 2 4371 .7495 4371 .7486 0.0009 
5 4 I 5 3 2 4407.86 1 7  4407.861 1  0.0007 
3 1 2 2 2 1 4438.86 1 5  4438.86 1 3  0.0002 
5 I 5 4 2 3 4481 .4359 4481 .4347 0.00 1 2  
4 3 2 4 1 3 4671 .0347 4671 .0332 0.00 1 5  
4 4 1 4 3 I 470 1 . 1953 470 1 . 1 954 -0.0001 
4 4 0 4 3 1 4705.400 1 4705.4000 0.0001 
5 3 3 5 1 4 471 9.8681 471 9.8664 0.00 1 7  
5 2 4 5 I 5 4761.2288 4761 .2295 -0.0007 
5 2 4 5 0 5 4782.2080 4782.2079 0.0001 
4 0 4 3 1 2 4792.2345 4792.2384 -0.0039 
5 3 2 5 2 4 481 7.0040 48 1 7.0049 -0.0009 
4 4 1 4 3 2 4853.2 1 86 4853.2198 -0.001 2  
4 4 0 4 3 2 4857.4256 4857.4244 0.00 1 2  
7 2 5 7 2 6 4860.8808 4860.8807 0.0001 
5 4 2 5 3 3 4898.0079 4898.0071 0.0008 
6 3 4 6 2 5 4904.6871 4904.6875 -0.0004 
5 4 1 5 3 3 4934. 1202 4934. 1 1 96 0.0006 
7 2 5 7 1 6 4936.9598 4936.959 0.0008 
8 5 4 8 4 4 4978.8671 4978.8643 0.0028 
3 0 3 2 I 2 4986.2287 4986.2289 -0.0002 
2 I 1 1 0 I 4989.57 1 6  4989.57 1 7  -0.0001 
4 2 2 3 3 0 5034.9529 5034.9504 0.0024 
6 4 3 6 3 4 5054.4563 5054.4563 0.0000 
4 2 2 3 3 I 5058.2935 5058.2922 0.001 3  
4 2 2 4 I 4 5074.2826 5074.28 1 7  0.0009 
6 3 4 6 I 5 5097. 1 272 5097. 1 26 1  0.001 2  
3 I 3 2 I 2 5 1 42.0643 5 1 42.0643 0.0000 
6 1 6 5 2 4 5 1 94.6140 5 1 94.6 1 30 0.00 1 0  
6 4 2 6 3 4 5220.0026 5220.0007 0.00 1 9  
5 0 5 4 I 3 5264.5787 5264.578 0.0007 
3 0 3 2 0 2 531 9.3379 53 1 9.3377 0.0002 
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Quantum numbers Vohs Veale Vobs- Veale 
J' Ka' Kc' J" Ka" Kc'' (MHz) (MHz) (MHz) 
7 4 4 7 3 5 5374.7331  5374.7327 0.0004 
5 2 4 4 3 2 5375.7565 5375.7527 0.0037 
3 1 3 2 0 2 5475 . 1 73 1  5475. 1 73 1  0.0000 
6 1 5 6 I 6 5538.2122 5538.2146 -0.0023 
6 1 5 6 0 6 5545.0048 5545.0036 0.0012 
7 5 2 7 4 3 5657.8480 5657.8482 -0.0002 
3 2 2 2 2 1 5686.4678 5686.4681 -0.0002 
7 3 5 7 2 6 5690.4810 5690.48 1 1  -0.0001 
6 2 5 6 1 6 5730.6529 5730.653 1 -0.0002 
6 2 5 6 0 6 5737.4448 5737.442 1 0.0027 
7 3 5 7 I 6 5766.56 12  5766.5594 0.0018 
2 2 I I I 0 5766.73 1 0  5766.7309 0.0001 
2 2 0 1 1 0 5873.2208 5873.2205 0.0003 
7 4 3 7 3 5 5896.6650 5896.6656 -0.0006 
6 5 2 6 4 2 5985.0774 5985.0776 -0.0002 
6 5 1 6 4 2 5992.3 1 92 5992.3 1 84 0.0009 
3 2 1 2 2 0 6053.5894 6053.5902 -0.0008 
3 I 2 2 1 I 6090.5861 6090.5865 -0.0004 
2 2 I l 1 I 6090.7098 6090.7095 0.0004 
6 2 5 5 3 2 6 1 08.2627 6 1 08.2612 0.00 1 6  
7 5 3 7 4 4 6 1 38.8498 6 1 38.8506 -0.0008 
6 5 2 6 4 3 6 1 50.6228 6 1 50.6220 0.0008 
6 5 I 6 4 3 6 1 57.8651 6 1 57.8628 0.0023 
5 5 1 5 4 I 6 1 60.9243 6 1 60.9233 0.00 1 0  
5 5 1 5 4 2 6 1 97.0356 6 1 97.0358 -0.0003 
2 2 0 1 I 1 6 1 97. 1 994 6 1 97. 1 99 1  0.0003 
5 5 0 5 4 2 6 1 97.7197 6 1 97.7183 0.00 1 4  
4 I 3 3 2 1 62 1 9.0057 62 1 9.0063 -0.0005 
6 3 4 5 4 I 6605.0878 6605.0876 0.0002 
6 2 5 5 3 3 6634.5182 6634.5 1 97 -0.00 1 5  
6 3 4 5 4 2 664 1 .2012 6641.2001 0.00 1 1 
7 1 6 7 l 7 6680.7528 6680.7557 -0.0029 
7 I 6 7 0 7 6682.8547 6682.8538 0.0009 
4 I 3 3 2 2 6692.6176 6692.6 1 80 -0.0005 
4 0 4 3 l 3 67 1 2.6776 67 1 2.6784 -0.0008 
2 2 0 1 0 1 6747.7900 6747.7865 0.0035 
7 2 6 7 1 7 6756.8328 6756.8340 -0.001 2  
7 2 6 7 0 7 6758.9331 6758.9321 0.00 1 0  
4 1 4 3 I 3 6773. 1 725 6773 . 1 726 -0.0000 
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Quantum numbers Vobs Veale Vobs- Veale 
J' Ka '  Kc' J" Ka'' Kc'' (MHz) (MHz) (MHz) 
4 0 4 3 0 3 6868.5 1 3 1  6868.5 138  -0.0006 
4 I 4 3 0 3 6929.0071 6929.0079 -0.0008 
5 2 3 5 I 5 6976.3677 6976.3661 0.00 1 5  
3 2 2 2 I I 7338. 1931  7338.1932 -0.0001 
3 I 2 2 0 2 7395.61 24 7395.61 3 1  -0.0007 
7 6 2 7 5 2 7464.3627 7464.3651 -0.0024 
7 6 1 7 5 2 7465.6732 7465.6744 -0.00 1 2  
4 2 3 3 2 2 7496.7391 7496.7398 -0.0007 
7 6 2 7 5 3 7505.2950 7505.2956 -0.0005 
7 6 I 7 5 3 7506.6039 7506.6049 -0.001 0  
6 6 I 6 5 2 7576.9196 7576.9205 -0.001 0  
6 6 0 6 5 2 7577.0271 7577.0244 0.0027 
5 2 3 4 3 2 7590.8888 7590.8894 -0.0006 
5 I 4 4 2 2 7630.8758 7630.8765 -0.0007 
7 2 6 6 3 4 7652.5028 7652.5050 -0.0022 
4 3 2 3 3 I 7742.535 1 7742.5359 -0.0008 
3 2 I 2 I l 78 1 1 .8047 78 1 1 .8050 -0.0003 
6 3 3 5 4 1 7861 .9276 786 1 .9261 0.00 1 5  
4 3 1 3 3 0 787 1 .2 1 79 787 1 . 2 1 85 -0.0006 
6 3 3 5 4 2 7898.0379 7898.0386 -0.0007 
4 1 3 3 I 2 7940.2234 7940.2248 -0.001 4  
Table 1.2: Top-Above VF . . .  C02 . . •  C02 trimer 
Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J" Ka'' Kc" (MHz) (MHz) (MHz) 
I 0 1 0 0 0 2016.7 1 0 1  201 6.7083 0.0018  
3 3 0 3 2 I 2262.2083 2262.2095 -0.001 2  
6 3 3 6 2 4 23 1 1 .9083 23 1 1 .9085 -0.0002 
5 2 3 5 2 4 2398.8 1 8 L 2398.8197 -0.001 6  
I l I 0 0 0 2399.3584 2399.3573 0.001 l 
5 2 3 5 1 4 2572.2345 2572.2340 0.0005 
3 2 2 3 1 3 2670.0270 2670.025 1 0.001 9  
6 4 2 6 3 3 2678.4890 2678.4877 0.00 1 3  
I 1 0 0 0 0 2721.5501 2721 .5544 -0.0044 
3 3 I 3 2 2 2790.72 1 9  2790.7 1 94 0.0025 
8 4 4 8 3 5 2840.97 1 4  2840.97 1 0  0.0004 
4 I 3 4 I 4 2980. 1975 2980. 1969 0.0006 
1 1 5 
Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J" Kn'' Kc' '  (MHz) (MHz) {MHz) 
4 I 3 4 0 4 3002.4305 3002.4306 -0.0001 
5 4 1 5 3 2 3063.40 1 7  3063.4006 0.00 1 1 
4 3 2 4 2 3 3090.7982 3090.7995 -0.00 1 2  
7 3 4 7 2 5 3 1 2 8.2077 3 1 28.2091 -0.001 4  
8 5 3 8 4 4 3361 .4890 3361 .4940 -0.0050 
4 2 3 4 I 4 3395.2761 3395.2754 0.0008 
4 4 0 4 3 I 3420. 3 1 93 3420.32 12  -0.001 9  
2 0 2 I I I 351 5.893 1 35 1 5.8933 -0.0002 
5 3 3 5 2 4 3584.4424 3584.4432 -0.0008 
6 2 4 6 2 5 3599.64 1 6  3599.6424 -0.0009 
9 4 5 9 3 6 3644.4584 3644.4579 0.0005 
4 4 I 4 3 2 3652.3376 3652.34 1 2  -0.0036 
6 2 4 6 I 5 3659.8609 3659.861 9  -0.001 0  
2 I 2 l I I 37 1 1 . 1 99 1  371 1 . 1988 0.0004 
5 4 2 5 3 3 3748.8 1 73 3748.8174 -0.0001 
5 3 3 5 I 4 3757.8588 3757.8575 0.00 1 3  
2 0 2 1 0 I 3898.5408 3898.5424 -0.00 1 5  
6 4 3 6 3 4 4000.4495 4000.4488 0.0007 
2 I 2 I 0 I 4093.8471 4093.8478 -0.0007 
5 2 4 5 1 5 4240.8501 4240.8520 -0.001 9  
5 2 4 5 0 5 4246.95 1 0  4246.9494 0.001 5  
6 3 4 6 2 5 4261 .3225 4261 .3227 -0.0002 
8 3 5 8 2 6 4263.0070 4263.0049 0.0021 
6 5 l 6 4 2 4292.1 270 4292. 1 237 0.0033 
6 3 4 6 I 5 4321 .5424 432 1 . 5422 0.0002 
2 I I 1 I 0 4355.5641 4355.5641 -0.0000 
7 4 4 7 3 5 4446.7286 4446.7281 0.0005 
5 5 0 5 4 I 4549.0484 4549.05 1 4  -0.0029 
6 5 2 6 4 3 4599.8193 4599.8 1 88 0.0005 
5 5 1 5 4 2 4624.1494 4624. 1 503 -0.0008 
7 5 3 7 4 4 4658.5347 4658.53 1 5  0.0032 
7 2 5 7 2 6 4779.4693 4779.4692 0.0001 
7 2 5 7 1 6 4798.0766 4798.0774 -0.0008 
8 5 4 8 4 5 4867.9463 4867.9459 0.0004 
2 1 1 1 0 I 5060.4 1 1 9 5060.4 103 0.00 1 6  
7 3 5 7 2 6 5077.5570 5077.5575 -0.0005 
6 I 5 6 1 6 5093.3 1 1 7 5093.3 1 1 9 -0.0002 
6 1 5 6 0 6 5094.8791 5094.8770 0.0021 
7 3 5 7 I 6 5096.1649 5096. 1 657 -0.0008 
1 1 6 
Quantum numbers Vobs Veale Vobs- Veale 
]' Ka' Kc' J" Kn'' Kc" (MHz) (MHz) (MHz) 
8 6 2 8 5 3 5 1 45.2688 5 1 45.2665 0.0022 
6 2 5 6 I 6 5 1 53.53 1 7  5 1 53 .5314 0.0003 
6 2 5 6 0 6 5 1 55.0962 5 1 55.0965 -0.0002 
3 I 2 2 2 1 5273.8841 5273.8845 -0.0004 
3 0 3 2 I 2 542 1 .78 1 0  542 1 .7808 0.0002 
7 6 I 7 5 2 5462.9030 5462.9027 0.0003 
3 I 3 2 I 2 5494.4740 5494.4743 -0.0003 
2 2 l I I 0 5503.4850 5503.4838 0.0012 
8 6 3 8 5 4 5 5 1 2.5799 5 5 1 2.5805 -0.0006 
7 6 2 7 5 3 5568.5787 5568.5791 -0.0004 
3 0 3 2 0 2 561 7.0864 561 7.0863 0.0001 
2 2 0 1 1 0 5638.3076 5638.3066 0.00 1 1 
3 1 3 2 0 2 5689.7792 5689.7797 -0.0005 
2 2 I 1 I I 5825.68 1 3  5825.68 10  0.0003 
2 2 0 1 1 I 5960.5050 5960.5037 0.00 1 3  
8 3 6 8 1 7 5983.4739 5983.4773 -0.0033 
3 2 2 2 2 1 6050.0 1 7 1  6050.0 1 72 -0.0001 
7 I 6 7 0 7 6077.4592 6077.4569 0.0022 
7 2 6 7 I 7 6095.6805 6095.6808 -0.0004 
3 I 2 2 I I 6421 .8038 6421 .8043 -0.0005 
5 2 4 4 3 1 6455.7226 6455.7222 0.0004 
3 2 I 2 2 0 6482.85 1 0  6482.8499 0.00 1 1  
4 2 2 3 3 I 6508.7253 6508.7254 -0.0001 
3 2 2 2 I I 7 1 97.9363 7 1 97.9369 -0.0006 
4 0 4 3 I 3 7209.4587 7209.4586 0.0001 
4 I 4 3 I 3 723 I .6929 7231 .6923 0.0005 
4 0 4 3 0 3 7282. 1 522 7282. 1 52 1  0.0001 
4 I 4 3 0 3 7304.3861 7304.3858 0.0004 
4 I 3 3 2 2 7541 .8634 7541 .8642 -0.0008 
3 I 2 2 0 2 7583.6725 7583.6722 0.0003 
3 2 1 2 I I 7765.59 1 1  7765.5924 -0.00 1 2  
4 2 3 3 2 2 7956.94 1 9  7956.9426 -0.0007 
Table 1.3: BSlOO molecular cluster 
Quantum numbers 
Vobs Veale Vobs- Veale 
.r Kn' Kc' J' ' Kn" Kc" (MHz) (MHz) (MHz) 
2 0 2 I 0 I 2049.29 1 2  2049.2933 -0.002 1 
1 1 7 
Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J'' Ka" Kc'' (MHz) (MHz) (MHz) 
2 1 2 I 0 I 2070.4491 2070.4523 -0.0032 
2 I 1 1 I 0 2322.2458 2322.2452 0.0006 
2 I I 1 0 I 2562.9762 2562.9728 0.0034 
2 2 0 l 1 0 2660.68 1 1  2660.68 1 0.0001 
3 0 3 2 1 2 2931.3877 2931 .3896 -0.001 9  
3 1 3 2 1 2 2935.2172 2935.2173 -0.0001 
3 0 3 2 0 2 2952.5480 2952.5485 -0.0005 
3 I 3 2 0 2 2956.3768 2956.3763 0.0005 
3 2 2 2 2 I 3237.0954 3237.0948 0.0006 
3 1 2 2 1 I 3369.7997 3369.7997 0.0000 
3 2 2 2 1 1 3466.75 19  3466.7528 -0.0009 
3 2 I 2 2 0 3521 .6341 3521 .6333 0.0008 
4 0 4 3 1 3 3856.3295 3856.3322 -0.0027 
4 I 4 3 1 3 3856.9020 3856.9026 -0.0006 
3 2 I 2 1 I 3860.0686 3860.0691 -0.0005 
4 0 4 3 0 3 3860. 1 573 3860. 1 599 -0.0026 
4 1 4 3 0 3 3860.7304 3860.7303 0.0001 
3 1 2 2 0 2 3883.4796 3883.4792 0.0004 
3 2 2 2 1 2 3959.2725 3959.2734 -0.0009 
3 3 l 2 2 0 3977. 1 223 3977.1 204 0.00 1 9  
3 3 0 2 2 0 4035.0477 4035.047 1 0.0006 
3 3 I 2 2 1 4085.90 1 9  4085.8981 0.0038 
3 j 0 2 2 l 4 1 43.8263 4 1 43.8248 0.00 1 5  
4 1 3 3 2 2 4 1 96. 1 474 4 1 96 . 1469 0.0005 
4 2 3 3 2 2 4221.6712 4221 .6707 0.0005 
4 1 3 3 I 2 4293.1 003 4293. 1000 0.0003 
4 2 3 3 1 2 43 1 8.6252 431 8.6238 0.0014 
4 3 2 3 3 1 4446.9495 4446.9521 -0.0026 
4 2 2 3 2 I 4651 .6770 4651 .6770 0.0000 
4 3 1 3 3 0 4667.4 1 64 4667.4 1 56 0.0008 
5 1 5 4 l 4 4772.9502 4772.9474 0.0028 
5 0 5 4 0 4 4773.4409 4773.44 1 1  -0.0002 
4 3 2 3 2 I 4902.4406 4902.4391 0.00 1 5  
4 2 2 3 I 2 5 1 4 1 .9479 5 1 4 1 .9464 0.00 1 5  
5 l 4 4 2 ,., .) 5 1 58.1 976 5 1 58. 1 982 -0.0006 
5 2 4 4 2 3 5 1 63. 1 734 5 1 63. 1 734 0.0000 
1 1 8 
Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J'' Ka" Kc" (MHz) (MHz) (MHz) 
4 3 1 3 2 1 5 1 80.83 1 4  5 1 80.8294 0.0020 
5 1 4 4 1 3 5 1 83.7222 5 1 83.7221 0.0001 
5 2 4 4 l 3 5 1 88.6969 5 1 88.6972 -0.0003 
4 1 3 3 0 3 5224.03 1 1  5224.0306 0.0005 
4 2 3 3 1 3 5245.7250 5245.7268 -0.00 1 8  
4 3 2 3 2 2 5295.7561 5295.7554 0.0007 
5 2 3 4 3 2 5390.2350 5390.2359 -0.0009 
4 4 1 3 3 0 5407.4 1 52 5407.4 1 35 0.00 1 7  
4 4 0 3 3 0 5433.3284 5433.3272 0.00 1 2  
4 4 1 3 3 1 5465.3421 5465.3402 0.00 1 9  
5 3 3 4 3 2 5482.6661 5482.6668 -0.0007 
4 4 0 3 3 1 5491 .2549 5491 .2539 0.0010 
4 3 1 3 2 2 5574.1450 5574. 1457 -0.0007 
5 4 2 4 4 1 5626.9753 5626.973 1 0.0022 
5 2 3 4 2 2 5640.9982 5640.998 0.0002 
4 3 I 3 I 2 5671 .0978 5671 .0988 -0.00 1 0  
5 3 3 4 2 2 5733.4297 5733.4289 0.0008 
5 4 1 4 4 0 5770.7497 5770.7488 0.0009 
5 3 2 4 3 1 5882.3423 5882.3427 -0.0004 
4 2 2 3 0 3 6072.8733 6072.8771 -0.0038 
6 1 5 5 2 4 6083.9878 6083.9887 -0.0009 
6 2 5 5 2 4 6084.8 1 24 6084.8122 0.0002 
6 1 5 5 I 4 6088.9629 6088.9638 -0.0009 
6 2 5 5 I 4 6089.7876 6089.7873 0.0003 
4 4 I 3 2 2 63 1 4 . 1 349 63 14 . 1436 -0.0087 
5 4 2 4 3 I 6366.97 1 4  6366.97 1 0  0.0004 
5 3 2 4 2 2 64 1 1 .4962 641 1.4951 0.00 1 1  
6 2 4 5 3 3 6434.8342 6434.8353 -0.00 1 1  
6 3 4 5 3 3 6458.3273 6458.3282 -0.0009 
5 2 3 4 I 3 6489.8443 6489.8445 -0.0002 
6 2 4 5 2 3 6527.2653 6527.2661 -0.0008 
5 4 1 4 3 1 6536.66 1 5  6536.6604 0.001 1 
5 1 4 4 0 4 6547.5947 6547.5928 0.00 1 9  
6 3 4 5 2 3 6550.7590 -0.000 I 
5 2 4 4 1 4 6551 .9951 6551 .9975 -0.0024 
5 3 3 4 2 3 6556.75 1 6  6556.75 1 5  0.0001 
1 1 9  
Quantum numbers Vobs Veale Vobs- Vu1c 
J' Ka' Kc' J'' Ka" Kc" (MHz) (MHz) (MHz) 
5 4 2 4 3 2 6645.3621 6645.36 13  0.0008 
6 4 3 5 4 2 671 3.6854 6713.6861 -0.0007 
6 5 2 5 5 l 6783.34 14  6783.3420 -0.0006 
5 4 1 4 3 2 68 15 .0507 68 15 .0507 0.0000 
5 5 1 4 4 0 6826.5 1 75 6826.5 1 85 -0.00 1 0  
5 5 0 4 4 0 6836.8654 6836.8654 0.0000 
5 5 1 4 4 1 6852.4325 6852.432 1  0.0004 
6 5 1 5 5 0 6861 .6349 . 6861 .6355 -0.0006 
5 5 0 4 4 I 6862.7792 6862.7791 0.0001 
6 3 3 5 3 2 6963.8852 6963.8841 0.00 1 1  
7 I 6 6 2 5 7000.5700 7000.5701 -0.0001 
7 2 6 6 2 5 7000.6953 7000.6934 0.00 1 9  
7 1 6 6 I 5 700 1 .3931 700 1 .3936 -0.0005 
7 2 6 6 I 5 7001 .5 I 84 700 1 . 5 1 69 0.00 1 5  
5 4 1 4 2 2 7065.8 128 7065.8 128 0.0000 
6 4 3 5 3 2 7 1 98.3147 7 1 98.3144 0.0003 
5 3 2 4 2 3 7234.8 1 77 7234.8 1 77 0.0000 
5 3 2 4 1 3 7260.34 1 1  7260.34 1 5  -0.0004 
7 2 5 6 3 4 7389.7048 7389.7069 -0.0021 
7 3 5 6 3 4 7394.4546 7394.4560 -0.001 4  
7 2 5 6 2 4 74 1 3 . 1 983 74 1 3 . 1 999 -0.001 6  
7 3 5 6 2 4 741 7.9496 74 1 7.949 0.0006 
7 3 4 6 4 3 7656.4 148 7656.4 1 1 3  0.0035 
6 4 2 5 3 2 7707.70 1 4  7707.70 1 5  -0.0001 
5 4 2 4 2 3 771 9.4471 771 9.4460 0.00 1 1 
6 3 3 5 2 3 7734.3788 7734.38 1 2  -0.0024 
7 4 4 6 4 3 7734.4644 7734.4650 -0.0006 
6 2 4 5 I 4 7833.3881 7833.3885 -0.0004 
6 5 2 5 4 1 7839. 1 1 1 6 7839. 1 1 1 7 -0.0001 
6 3 4 5 2 4 7851 .9087 7851 .9063 0.0024 
6 1 5 5 0 5 7863. 1 1 93 7863. 1 1 55 0.0038 
6 2 5 5 1 5 7863.8626 7863.8623 0.0003 
6 4 3 5 3 3 7876.38 1 2  7876.3806 0.0006 
7 3 4 6 3 3 7890.8407 7890.84 1 6  -0.0009 
7 5 3 6 5 2 791 3.8976 791 3.8982 -0.0006 
7 6 2 6 6 1 7923.6108 7923.6 1 1 3  -0.0005 
1 20 
Quantum numbers Vobs Veale Vobs- Veale 
.r Ka' Kc' J'' Ka" Kc" (MHz) (MHz) (MHz) 
6 5 1 5 4 1 7927.7531 7927.7521 0.00 1 0  
5 3 3 4 1 4 7945.5736 7945.5757 -0.002 1 
7 6 1 6 6 0 7960.5560 7960.5556 0.0004 
7 4 4 6 3 3 7968.8950 7968.8953 -0.0003 
Table 1.4: BS200 molecular cluster 
Quantum numbers 
Vobs Veale Vobs- Veale 
J' Ka ' Kc' J" Ka" Kc'' (MHz) (MHz) (MHz) 
3 1 2 2 1 l 2068.7937 2068.792 1 0.00 1 6  
4 0 4 3 I 3 2473.3 1 I 0 2473.3 1 24 -0.00 1 4  
4 1 4 3 1 3 2572.8000 2572.8006 -0.0006 
4 0 4 3 0 3 261 9.5561 261 9.5542 0.00 1 9  
4 2 3 3 2 2 2668.8705 2668.871 I -0.0006 
4 2 2 3 2 l 2722.7804 2722.7822 -0.001 8  
4 1 3 3 1 2 2750.2608 2750.2591 0.00 1 7  
5 1 5 4 I 4 3207.8 143 3207.8 139 0.0004 
5 0 5 4 0 4 3245.4473 3245.45 1 5  -0.0042 
3 3 1 2 2 0 3282.9242 3282.9209 0.0033 
5 2 4 4 2 3 3328.7173 3328. 7 1 8 1  -0.0008 
5 3 3 4 3 2 3357.5751 3357.5759 -0.0008 
5 3 2 4 3 I 3367.5 1 9 1  3367.5200 -0.0009 
5 I 4 4 1 3 3423.3291 3423.3294 -0.0003 
5 2 3 4 2 2 3424.8607 3424.8596 0.00 1 1 
6 0 6 5 1 5 3803.5238 3803.5220 0.00 1 8  
6 I 6 5 I 5 3839.3272 3839.3276 -0.0004 
6 0 6 5 0 5 3865.3728 3865.3726 0.0002 
4 3 J 3 2 2 397 1 . 1 253 397 1 . 1 246 0.0007 
6 2 5 5 2 4 3983.8805 3983.8806 -0.0001 
6 4 3 5 4 2 4029.9674 4029.9667 0.0007 
6 3 4 5 3 3 4030.9035 4030.9026 0.0009 
6 4 2 5 4 I 403 1 . 1 540 403 1 . 1 559 -0.001 9  
6 3 3 5 3 2 4056. 1 896 4056. 1 9 1 0  -0.001 4  
6 1 5 5 1 4 4084.5677 4084.5684 -0.0007 
6 2 4 5 2 3 4 1 27.53 1 7  4 1 27.5329 -0.00 1 2  
7 I 6 6 2 5 4370.9250 4370.9267 -0.001 7  
6 2 5 5 1 4 4444.7146 4444.7172 -0.0026 
1 2 1  
Quantum numbers Vobs Veale Vobs- Veale 
J' Ka ' Kc' J" Ka "  Kc" (MHz) (MHz) (MHz) 
7 0 7 6 l 6 4448.3 100 4448.3074 0.0026 
7 I 7 6 1 6 4467.9779 4467.9776 0.0003 
7 0 7 6 0 6 4484. 1 1 27 4484. 1 1 30 -0.0003 
7 1 7 6 0 6 4503.7835 4503.783 I 0.0004 
5 3 3 4 2 2 4573.5507 4573.5521 -0.00 1 4  
5 3 2 4 2 2 4586.9004 4586.9003 0.0001 
7 2 6 6 2 5 4633.8100 4633.8092 0.0008 
5 3 2 4 2 3 4669.7735 4669.7734 0.0001 
7 3 5 6 3 4 4702.6135 4702.6143 -0.0008 
7 4 4 6 4 3 4706.5743 4706.5739 0.0004 
7 4 3 6 4 2 471 0.4468 47 10.4491 -0.0023 
7 1 6 6 1 5 4731 .0752 4731 .0754 -0.0002 
7 3 4 6 3 3 4755.0385 4755.0391 -0.0006 
7 2 5 6 2 4 4824.3768 4824.3768 0.0000 
7 2 6 6 I 5 4993.9587 4993.9580 0.0007 
8 0 8 7 1 7 5084. 1 1 75 5084. 1 1 74 0.0001 
8 1 8 7 I 7 5094.52 1 6  5094.5 2 1 6  0.0000 
8 1 7 7 2 6 5099.6623 5099.6640 -0.00 1 7  
8 0 8 7 0 7 5 1 03.7881 5 1 03.7875 0.0006 
8 1 8 7 0 7 5 1 1 4 . 1 9 1 8  5 1 14. 1 9 1 8  0.0000 
5 4 2 4 3 I 5 1 34.5228 5 1 34.52 1 5  0.001 3  
5 4 1 4 3 2 5 1 38.2256 5 1 3 8.2273 -0.00 1 7  
6 3 4 5 2 3 5 1 79.5944 5 1 79.595 I -0.0007 
8 2 7 7 2 6 5278.3002 5278.3006 -0.0004 
6 3 4 5 2 4 5358.6108 5358.6097 0.00 1 1  
8 I 7 7 l 6 5362.5477 5362.5465 0.00 1 2  
8 3 6 7 3 5 5371 .2520 5371.25 1 8  0.0002 
8 5 4 7 5 3 5375.9273 5375.9256 0.001 7  
8 5 3 7 5 2 5376.3724 5376.3727 -0.0003 
8 4 5 7 4 4 5384.4094 5384.4088 0.0006 
8 4 4 7 4 3 5394.6878 5394.6883 -0.0005 
6 3 3 5 2 4 5397.2437 5397.2463 -0.0026 
8 3 5 7 3 4 5463.50 1 3  5463.4994 0.00 1 9  
8 2 6 7 2 5 55 1 1 . 1 132 5 5 1 1 . 1 1 27 0.0005 
8 2 7 7 I 6 554 1 . 1 847 554 1 . 1 83 1  0.00 1 6  
9 0 9 8 I 8 57 14.30 1 0  5714.3014 -0.0004 
9 I 9 8 I 8 571 9.6525 571 9.6526 -0.000 I 
122 
Quantum numbers Vobs Veale Vohs- Veale 
J' Kn' Kc' J" Kn" Kc'' (MHz) (MHz) (MHz) 
9 0 9 8 0 8 5724.7059 5724.7057 0.0002 
9 1 9 8 0 8 5730.058 5730.0569 0.00 1 1  
6 4 3 5 3 2 5796.9675 5796.9682 -0.0007 
9 1 8 8 2 7 5804.0455 5804.0449 0.0006 
6 4 3 5 3 3 5 8 1 0.3 172 5 8 1 0. 3 1 64 0.0008 
6 4 2 5 3 3 581 1 .8095 58 1 1 .8073 0.0022 
7 3 4 6 2 4 5845.7388 5845.7379 0.0009 
7 2 6 6 I 6 5902.2399 5902.2424 -0.0025 
9 2 8 8 2 7 591 7.5608 591 7.5604 0.0004 
9 1 8 8 1 7 5982.68 1 4  5982.68 1 5  -0.0001 
9 3 7 8 3 6 6035.5003 6035.5006 -0.0003 
9 5 5 8 5 4 6053.9444 6053.9422 0.0022 
9 5 4 8 5 3 6055.3656 6055.3647 0.0009 
9 4 6 8 4 5 6062.6580 6062.6576 0.0004 
7 3 5 6 2 5 6077.3409 6077.3434 -0.0025 
9 4 5 8 4 4 6085.9946 6085.9943 0.0003 
9 2 8 8 1 7 6096. 1953 6096. 197 -0.00 1 7  
9 3 6 8 3 5 6 1 76.8494 6 1 76.8487 0.0007 t-
9 2 7 8 2 6 6 1 84.6826 6 1 84.6806 0.002 
8 2 6 7 1 6 6287.2321 6287.2296 0.0025 
1 0  0 1 0  9 J 9 634 1 .2 1 09 6341.2107 0.0002 
J O  J 1 0  9 J 9 6343.9052 6343.9046 0.0006 
1 0  0 1 0  9 0 9 6346.5625 6346.56 19  0.0006 
1 0  1 JO 9 0 9 6349.2564 6349.2558 0.0006 
7 4 4 6 3 3 6447.3507 6447.35 1 1  -0.0004 
7 4 3 6 3 3 6452.7 199 6452.7J72 0.0027 
8 3 5 7 2 5 6484.86J2 6484.8605 0.0007 
7 4 4 6 3 4 6485.9856 6485.9877 -0.0021 
7 4 3 6 3 4 649 1 .355 1 649 1 .3538 0.001 3  
10  2 9 9 2 8 6552.1 767 6552.1 769 -0.0002 
1 0  1 9 9 1 8 6597.5287 6597.5286 0.0001 
1 0  2 9 9 1 8 6665.6924 6665.6924 0.0000 
1 0  3 8 9 3 7 6694.3550 6694.3551 -0.0001 
1 0  8 2 9 8 1 6709.1622 6709. 1622 0.0000 
1 0  6 5 9 6 4 6721 .8991 6721 .9050 -0.0059 
1 0  6 4 9 6 3 6722.06 14  6722.0652 -0.0038 
1 0  5 6 9 5 5 6733.6965 6733.6953 O.OOJ2 
123 
Quantum numbers Vobs Veale Vohs- Veale 
J' Kn' Kc' J" Kn " Kc" (MHz) (MHz) (MHz) 
1 0  5 5 9 5 4 6737.5589 6737.5588 0.0001 
1 0  4 7 9 4 6 6740 . 1 266 6740. 1263 0.0003 
1 0  4 6 9 4 5 6786.63 1 5  6786.63 1 0  0.0005 
9 3 7 8 2 6 6825.9375 6825.9395 -0.002 
6 6 1 5 5 1 6827.60 1 3  6827.60 1 0  0.0003 
1 0  2 8 9 2 7 6842.4578 6842.4580 -0.0002 
1 0  3 7 9 3 6 6887.7426 6887.74 14 0.00 1 2  
I I 0 1 1  1 0  1 I O  6966.3083 6966.3081 0.0002 
1 1  I 1 1  1 0  1 1 0  6967.64 1 5  6967.64 1 5  0.0000 
1 1  0 1 1  1 0  0 1 0  6969.00 1 7  6969.0020 -0.0003 
1 1  I 1 1  10 0 1 0  6970.3356 6970.3354 0.0002 
7 5 3 6 4 2 6985.5429 6985.5450 -0.0021 
7 5 2 6 4 3 6987.1 748 6987. 1 72 1  0.0027 
1 1  2 9 1 0  3 8 6989.8238 6989.8235 0.0003 
8 4 5 7 3 4 7076.7208 7076.7209 -0.000 I 
8 4 4 7 3 4 7092.3674 7092.3664 0.00 1 0  
9 2 7 8 1 7 7 1 09.3643 7 1 09.3637 0.0006 
8 4 5 7 3 5 7 1 67.7807 7 1 67.7822 -0.001 5  
I I  2 1 0  1 0  2 9 7 I 82.9984 7 1 82.9994 -0.001 0  
8 4 4 7 3 5 7 1 83.4273 7 1 83.4278 -0.0005 
1 1  I J O  1 0  1 9 72 1 2.0202 7212.0210 -0.0008 
I I 2 1 0  1 0  I 9 725 1 . 1 634 725 1 . 1 633 0.0001 
1 1  3 9 1 0  3 8 7347.2 168 7347.2 I 77 -0.0009 
I I  9 2 I O  9 1 7379. 1681  7379. 1652 0.0029 
1 1  6 6 1 0  6 5 7400.6272 7400.6268 0.0004 
1 1  6 5 1 0  6 4 740 1 . 1 292 740 1 . 1 292 0.0000 
1 1  5 7 10 5 6 741 4.9004 741 4.9007 -0.0003 
1 1  4 8 I O  4 7 741 5.3 8 1 8  741 5.3775 0.0043 
1 1  5 6 10 5 5 7424. 1 565 7424. 1 56 1  0.0004 
1 1  2 9 1 0  2 8 7482.9800 7482.9795 0.0005 
1 1  3 8 1 0  3 7 7589.5206 7589.5 1 84 0.0022 
1 2  0 1 2  1 1  1 1 1  7590.4385 7590.4379 0.0006 
1 2  1 1 2  1 1  1 1 1  7591 .0892 7591 .0889 0.0003 
1 2  0 1 2  1 I 0 1 1  759 1 .77 1 5  759 1 .7714 0.0001 
1 2  1 1 2  1 1  0 1 1  7592.4248 7592.4224 0.0024 
8 5 4 7 4 3 765 1 .0 1 96 765 1 .02 1 5  -0.00 1 9  
1 2  2 1 0  1 1  3 9 7750.2870 7750.2898 -0.0028 
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Quantum numbers Vobs Veale Vobs- Veale 
J' K,,' Kc' J" K,," Kc'' (MHz) (MHz) (MHz) 
1 2  2 1 1  1 1  2 1 0  781 0.9626 78 1 0.9642 -0.001 6  
1 2  I 1 1  1 1  l 1 0  7828.3901 7828.3927 -0.0026 
1 l 3 9 1 0  2 8 7840.3737 7840.3736 0.0001 
1 2  2 I I  1 1  l 1 0  7850.1078 7850. l 065 0.00 1 3  
1 2  3 1 0  1 1  3 9 7993.9436 7993.9471 -0.0035 
Table 1.5: BS3 molecular cluster 
Quantum numbers Vobs Veale Vobs- Veale 
J' K,,'  Kc' J" K,," Kc''  (MHz) (MHz) (MHz) 
2 I 2 l I l 2479.90 12  2479.9001 0.00 1 1  
2 0 2 I 0 I 2529.8 102 2529.8 1 1 5 -0.001 3  
2 1 1 1 1 0 2649.6356 2649.6367 -0.001 1  
2 I I I 0 I 2837.86 1 4  2837.8581 0.0033 
2 2 l 1 I 0 2959.69 1 4  2959.6926 -0.00 12  
2 2 0 1 I 1 3079.5236 3079.52 1 7  0.0019 
3 0 3 2 I 2 3680.8441 3680.8463 -0.0022 
3 1 3 2 I 2 3701.07 1 3  3701.0716 -0.0003 
3 0 3 2 0 2 3734.2871 3734.2877 -0.0006 
3 I 3 2 0 2 3754.5 1 1 4 3754.5 130 -0.00 1 6  
3 2 2 2 2 I 3847. 1 2 1 6  3847.1226 -0.00 1 0  
3 1 2 2 I I 3945.7 1 1 2  3945.7 1 1 8  -0.0006 
3 2 I 2 2 0 3959.9784 3959.9783 0.0001 
3 l 2 2 0 2 4253.7601 4253.7584 0.00 1 7  
3 2 I 2 I I 4304.9938 4304.9946 -0.0008 
3 2 2 2 I 2 44 1 1 .7852 44 1 1 .7838 0.001 4  
3 3 0 2 2 0 4569.8208 4569.8201 0.0007 
3 3 l 2 2 1 4594.8183 4594.8 1 8 1  0.0002 
3 3 0 2 2 I 4604.7807 4604.7804 0.0003 
4 0 4 3 I 3 4903.8402 4903.8391 0.001 1 
4 l 4 3 I 3 4910. 1291  4910.1288 0.0003 
4 0 4 3 0 3 4924.0642 4924.0644 -0.0002 
4 I 4 3 0 3 4930.3536 4930.3541 -0.0005 
4 l 3 3 2 2 4986.3658 4986.3662 -0.0004 
4 2 3 3 2 2 5 1 0 1 .0983 5 1 0 1 .0967 0.00 1 6  
4 3 2 3 3 l 5 1 79.0655 5 1 79.0646 0.0009 
4 l 3 3 l 2 5 1 97.8331 5 1 97.8330 0.0001 
4 3 1 3 3 0 5230.8253 5230.8259 -0.0006 
1 25 
Quantum numbers Vobs Veale Vobs- Veale 
]' Kn' Kc' J" Kn'' Kc'' (MHz) (MHz) (MHz) 
4 2 2 3 2 I 5304.2029 5304.20 1 5  0.001 4  
4 2 3 3 I 2 53 1 2.5629 53 1 2.5635 -0.0006 
4 2 2 3 1 2 5663.48 1 5  5663.4843 -0.0028 
4 I 3 3 0 3 571 7.3041 571 7.3037 0.0004 
4 3 2 3 2 1 5778.9442 5778.9440 0.0002 
4 2 3 3 I 3 58 1 1 .8088 58 1 1 .8089 -0.000 I 
4 3 I 3 2 I 5840.6679 5840.6677 0.0002 
4 3 2 3 2 2 5926.7596 5926.7601 -0.0005 
4 3 1 3 2 2 5988.4837 5988.4837 0.0000 
5 0 5 4 I 4 6 1 1 0.3 1 79 6 1 1 0.3 1 82 -0.0003 
5 I 5 4 I 4 6 1 1 2.0713 6 1 1 2.0706 0.0007 
5 0 5 4 0 4 6 1 1 6.6074 6 1 1 6.6080 -0.0006 
5 1 5 4 0 4 6 1 1 8.36 1 0  6 1 1 8.3604 0.0006 
5 2 3 4 3 2 6 1 38.7 1 3  6 1 38.7 1 33 -0.0003 
4 4 I 3 3 0 6 1 49.5864 6 1 49.5878 -0.001 4  
4 4 0 3 3 0 6 1 5 1 .9 1 76 6 1 5 1 .9 1 62 0.00 1 4  
4 4 I 3 3 1 6 1 59.5501 6 1 59.5501 0.0000 
4 4 0 3 3 I 6 1 6 1 .8804 6 1 6 1 .8785 0.00 1 9  
4 2 2 3 0 3 6 1 82.9538 6 1 82.9550 -0.00 1 2  
4 3 I 3 I 2 6 1 99.9528 6 1 99.9505 0.0023 
5 1 4 4 2 3 6286.4607 6286.4607 0.0000 
5 2 4 4 2 3 6335.2420 6335.24 1 8  0.0002 
5 I 4 4 I 3 6401 . 1 9 1 2  6401 . 1 9 1 1 0.0001 
5 2 4 4 1 3 6449.9723 6449.9722 0.0001 
5 3 3 4 3 2 6464.0088 6464.0075 0.00 1 3  
5 4 2 4 4 1 6488.2444 6488.2432 0.00 1 2  
5 4 I 4 4 0 6505.2493 6505.2500 -0.0007 
5 3 2 4 3 I 6598.7230 6598.7226 0.0004 
5 2 3 4 2 2 66 1 3 .4565 661 3.4559 0.0006 
5 3 3 4 2 2 6938.7499 6938.7501 -0.0002 
5 2 3 4 I 3 7079. 1051  7079. 1 07 1  -0.0020 
5 3 2 4 2 2 7 1 35. 1 883 7 1 35. 1 888 -0.0005 
5 I 4 4 0 4 7 1 94.4285 7 1 94.4304 -0.00 1 9  
5 2 4 4 I 4 7236.92 1 8  7236.92 1 8  0.0000 
5 3 3 4 2 3 7289.6700 7289.6709 -0.0009 
6 0 6 5 I 5 73 1 0.4642 7310.4658 -0.001 6  
6 I 6 5 I 5 7310.9233 731 0.9224 0.0009 
6 0 6 5 0 5 73 12 .2 166 73 1 2 . 2 1 82 -0.00 1 6  
6 I 6 5 0 5 73 1 2.6767 73 1 2.6749 0.00 1 8  
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Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J" Ka'' Kc'' (MHz) (MHz) (MHz) 
5 4 2 4 3 1 7407.0042 7407.0050 -0.0008 
5 4 I 4 3 l 7426.3390 7426.3403 -0.00 1 3  
5 4 2 4 3 2 7468.7277 7468.7287 -0.00 1 0  
5 3 2 4 2 3 7486. 1 1 12 7486. 1 096 0.00 1 6  
5 4 I 4 3 2 7488.0648 7488.0639 0.0009 
6 l 5 5 2 4 7535.0971 7535.0970 0.0001 
6 2 4 5 3 3 7545.2798 7545.2790 0.0008 
6 2 5 5 2 4 7552.3273 7552.3273 0.0000 
6 1 5 5 1 4 7583.8776 7583.8781 -0.0005 
5 3 2 4 I 3 7600.8389 7600.8401 -0.00 1 2  
6 2 5 5 1 4 760 I .  I 089 760 1 .  I 085 0.0004 
5 5 l 4 4 0 7728.4091 7728.4 1 24 -0.0033 
5 5 0 4 4 0 7728.9052 7728.901 9  0.0033 
6 3 4 5 3 3 7729.6566 7729.6569 -0.0003 
5 5 0 4 4 1 7731 .2303 7731 .2303 0.0000 
6 5 2 5 5 1 7786.8628 7786.86 1 9  0.0009 
6 5 1 5 5 0 7791 .4369 7791.4371 -0.0002 
6 4 3 5 4 2 7794.0348 7794.0349 -0.0001 
6 4 2 5 4 I 7857.6056 7857.6056 0.0000 
6 2 4 5 2 3 7870.5743 7870.5732 0.00 1 1 
6 3 3 5 3 2 7961 .3059 7961 .3058 0.0001 
Table 1.6: BS400 molecular cluster (VF-only scan) 
Quantum numbers Vobs Veale Vobs- Veale 
J' Ka '  Kc' J" Ka" Kc''  (MHz) (MHz) (MHz) 
3 0 3 2 l 2 2957.4955 2957.4936 0.00 1 9  
3 3 1 2 2 0 35 1 6.3363 35 1 6.3354 0.0009 
3 3 0 2 2 0 35 1 7.6023 35 1 7.60 1 5  0.0008 
3 3 1 2 2 I 3524.2494 3524.2509 -0.00 1 5  
3 3 0 2 2 l 3525.5172 3525.5170 0.0002 
4 I 3 3 2 l 3866.7662 3866.7694 -0.0032 
4 0 4 3 l 3 3963.37 1 3  3963.3746 -0.0033 
4 1 4 3 I 3 3978.7843 3978.7852 -0.0009 
4 0 4 3 0 3 3995.0880 3995.0886 -0.0006 
4 l 4 3 0 3 401 0.4980 401 0.4992 -0.001 2  
4 2 3 3 2 2 4049.4579 4049.4587 -0.0008 
4 3 2 3 3 1 4068.4631 4068.4632 -0.0001 
1 27 
Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J" Kn'' Kc'' (MHz) (MHz) (MHz) 
4 3 1 3 3 0 4075.7326 4075.73 1 0  0.00 1 6  
4 I 3 3 1 2 4099.8720 4099.87 18  0.0002 
4 2 2 3 2 I 4 1 09.9 1 69 4 1 09.9172 -0.0003 
4 2 3 3 I 2 4245.7 164 4245.7 1 5 3  0.001 1 
4 1 3 3 0 3 4322.85 5 1  4322.8558 -0.0007 
4 2 2 3 1 2 4343.0189 4343.0196 -0.0007 
4 2 3 3 I 3 4436.9852 4436.9853 -0.0001 
4 3 2 3 2 1 45 14 .0629 45 J 4.0645 -0.00 1 6  
4 3 I 3 2 J 4522.5976 4522.5985 -0.0009 
4 3 2 3 2 2 4550.9095 4550.9103 -0.0008 
4 3 I 3 2 2 4559.4455 4559.4443 0.001 2  
4 4 I 3 3 0 4725.3994 4725.3951 0.0043 
4 4 0 3 3 0 4725.5638 4725.5622 0.00 1 6  
4 4 1 3 3 1 4726.6599 4726.66 1 2  -0.00 1 3  
4 4 0 3 3 I 4726.8296 4726.8282 0.00 1 4  
5 I 4 4 2 2 4859.3 145 4859.3 1 50 -0.0005 
5 1 4 4 2 3 4956.6203 4956.6194 0.0009 
5 0 5 4 1 4 4958.4076 4958.4069 0.0007 
5 1 5 4 1 4 4965.0963 4965.0957 0.0006 
5 0 5 4 0 4 4973 .8 1 7 1  4973.8 1 75 -0.0004 
5 1 5 4 0 4 4980.5085 4980.5062 0.0023 
5 2 4 4 2 3 5052.0925 5052.0924 0.0001 
5 3 3 4 3 2 5086.2544 5086.2538 0.0006 
5 4 2 4 4 I 5087.1 077 5087. 1 048 0.0029 
5 4 l 4 4 0 5088.4057 5088.4047 0.0010 
5 1 4 4 1 3 5 1 02.4630 5 1 02.4629 0.0001 
5 3 2 4 3 l 5 1 09.3070 5 1 09.3063 0.0007 
5 2 3 4 2 2 5 1 46.5777 5 1 46.5772 0.0005 
5 2 4 4 l 3 5 1 97.9364 5 1 97.9360 0.0004 
5 2 3 4 I 3 5389.7262 5389.7251 0.001 1 
5 I 4 4 0 4 5430.23 1 2  5430.2300 0.00 1 2  
5 3 3 4 2 2 5490.40 1 4  5490.401 1  0.0003 
5 2 4 4 I 4 5 5 1 0.2932 5 5 1 0.2925 0.0007 
6 2 5 5 3 3 5 5 1 3.6289 5 5 1 3.6297 -0.0008 
5 3 2 4 2 2 5521 .9872 5521 .9875 -0.0003 
5 3 3 4 2 3 5587.7050 5587.7054 -0.0004 
5 4 2 4 3 I 5736.7675 5736.7689 -0.00 1 4  
5 4 1 4 3 1 5738.2361 5738.2358 0.0003 
5 4 2 4 3 2 5745.3016 5745.3029 -0.00 1 3  
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Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J" Ka " K " c (MHz) (MHz) (MHz) 
6 2 4 5 3 2 5798.5863 5798.5876 -0.00 1 3  
6 2 4 5 3 3 5830.1 729 5830.1 740 -0.00 1 1 
6 0 6 5 I 5 5946.465 1 5946.466 1 -0.00 1 0  
6 1 6 5 I 5 5949.1667 5949. 1667 0.0000 
6 0 6 5 0 5 5953.1 546 5953.1 549 -0.0003 
6 I 6 5 0 5 5955.8566 5955.8555 0.00 1 1  
6 1 5 5 2 4 5994.8173 5994.8 153 0.0020 
6 2 5 5 2 4 6049.2425 6049.2427 -0.0002 
6 1 5 5 I 4 6090.2879 6090.2884 -0.0005 
6 3 4 5 3 3 6 1 0 1 . 1 89 1  6 1 0 1 . 1 89 1  0.0000 
6 5 2 5 5 I 6 1 03.7552 6 1 03.7571 -0.00 l 9 
6 5 l 5 5 0 6 1 03.9503 6 1 03.95 1 9  -0.00 1 6  
6 4 3 5 4 2 6 1 08.7051 6 1 08.7040 0.00 1 1  
6 4 2 5 4 I 6 1 1 4.2546 6 1 1 4.2546 0.0000 
6 2 5 5 1 4 6 1 44.7166 6 1 44 .7 157  0.0009 
6 3 3 5 3 2 6 1 52.3959 6 1 52.3952 0.0007 
6 2 4 5 2 3 6 1 73.998 l 6 1 73.9979 0.0002 
6 3 4 5 2 3 6445.0120 6445. 0 1 30 -0.00 1 0  
6 2 4 5 1 4 6461 .2606 646 1 .2601 0.0005 
6 3 3 5 2 3 6527.8053 6527.8055 -0.0002 
6 I 5 5 0 5 6546.70 1 6  6546.70 1 0  0.0006 
6 2 5 5 1 5 6594.4397 6594.4395 0.0002 
6 3 4 5 2 4 6636.8023 6636.8021 0.0002 
6 3 3 5 2 4 671 9.5898 671 9.5946 -0.0048 
6 4 3 5 3 2 6736.1654 6736.1 667 -0.001 3  
6 4 2 5 3 2 6743 . 1 839 6743 . 1 84 1  -0.0002 
6 4 3 5 3 3 6767.7528 6767.7531  -0.0003 
6 4 2 5 3 3 6774.7702 6774.7706 -0.0004 
6 3 3 5 I 4 681 5.0684 681 5.0677 0.0007 
7 2 5 6 3 3 6834.2041 6834.2039 0.0002 
7 2 5 6 3 4 691 6.9950 691 6.9964 -0.00 1 4  
6 2 4 5 0 5 6917.67 1 1  691 7.6726 -0.00 1 5  
7 0 7 6 1 6 6930.9083 6930.9094 -0.00 1 1  
7 1 7 6 1 6 6931 .9490 693 1 .9486 0.0004 
7 0 7 6 0 6 6933.6097 6933.6100 -0.0003 
7 1 7 6 0 6 6934.6494 6934.6492 0.0002 
6 5 2 5 4 I 6946.471 5  6946.4722 -0.0007 
6 5 l 5 4 l 6946.6888 6946.6870 0.0018 
6 5 2 5 4 2 6947.9378 6947.9391 -0.001 3  
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Quantum numbers Vobs Veale Vobs- Veale 
J' Ka ' Kc' J" Ka'' Kc'' (MHz) (MHz) (MHz) 
6 5 1 5 4 2 6948.1 544 6948. 1 539 0.0005 
7 2 6 6 2 5 7041 .2072 7041.2068 0.0004 
7 I 6 6 I 5 7068. 1953 7068. 1 962 -0.0009 
7 2 6 6 I 5 7095.6337 7095.6341 -0.0004 
7 3 5 6 3 4 7 1 1 1 .4621 7 1 1 1 .46 1 8  0.0003 
7 5 3 6 5 2 7 1 25.8296 7 1 25.8267 0.0029 
7 5 2 6 5 1 7 1 26.8618 7 1 26.8610 0.0008 
7 4 4 6 4 3 7 1 30.5275 7 1 30.5266 0.0009 
7 4 3 6 4 2 7 1 47.3772 7 1 47.3769 0.0003 
7 2 5 6 2 4 7 1 88.0 1 1 6  7 1 88.0 1 1 5  0.0001 
7 3 4 6 3 3 7 1 98.7833 7 1 98.7826 0.0007 
7 3 5 6 2 4 7382.4756 7382.4769 -0.00 1 3  
7 3 4 6 2 4 7552.5908 7552.5902 0.0006 
7 2 5 6 I 5 7558.9844 7558.9832 0.0012 
7 I 6 6 0 6 7661 .7426 7661 .7423 0.0003 
7 2 6 6 I 6 7686.4797 7686.4796 0.0001 
7 3 5 6 2 5 7699.02 14  7699.02 1 3  0.0001 
7 4 4 6 3 3 771 4.2966 7714.2981 -0.00 1 5  
7 4 3 6 3 3 7738.1645 7738.1658 -0.001 3  
7 4 4 6 3 4 7797.09 1 3  7797.0906 0.0007 
8 0 8 7 1 7 791 3.6908 791 3.6902 0.0006 
8 I 8 7 1 7 7914.0767 791 4.0767 0.0000 
8 0 8 7 0 7 791 4.7280 7914.7294 -0.00 14  
8 I 8 7 0 7 79 1 5 . 1 169 79 1 5. 1 158  0.00 1 1  
7 3 4 6 I 5 7923.5622 7923.5619 0.0003 
7 5 3 6 4 2 7958.0437 7958.0443 -0.0006 
7 5 2 6 4 2 7959.2942 7959.2933 0.0009 
7 5 3 6 4 3 7965.061 4  7965.06 1 8  -0.0004 
7 5 2 6 4 3 7966.3 1 1 4 7966.3 1 08 0.0006 
Table 1.7: BSSOO molecular cluster (VF-only scan) 
Quantum numbers Vobs Veale Vobs- Vu1e 
J' K,,' Kc' J" K,," Kc'' (MHz) (MHz) (MHz) 
I I 0 0 0 0 2038.4985 2038.4975 0.001 0  
8 5 3 8 4 4 2065.0730 2065.073 0.0000 
3 2 2 3 I 3 2 1 27.8665 2 1 27.8658 0.0007 
4 4 0 4 3 1 2 1 30.0302 2 1 30.0295 0.0007 
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Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J" Ka'' Kc'' (MHz) (MHz) (MHz) 
6 3 3 6 2 4 2 1 39 . 1 934 2 1 39 . 1932 0.0002 
7 5 2 7 4 3 2 1 73.2334 2 1 73.2324 0.00 1 0  
4 3 2 4 2 3 2323.52 1 7  2323.5207 0.00 1 0  
5 2 3 5 1 4 2433. 1 4 1 5  2433 . 1 4 1 6  -0.0001 
9 5 4 9 4 5 2447.70 1 9  2447.7020 -0.000 I 
4 4 1 4 3 2 2477.0592 2477.0598 -0.0006 
6 5 1 6 4 2 2560.1 852 2560 . 1830 0.0022 
2 0 2 1 1 1 2628.8897 2628.8899 -0.0002 
5 4 2 5 3 3 265 1 . 1 729 265 1 . 1 7 1 9  0.0010 
4 1 3 4 0 4 2671 .3730 2671 .3723 0.0007 
4 3 I 4 2 3 2692.8571 2692.8581 -0.001 0  
2 1 2 1 1 l 2715 .75 1 9  271 5.7530 -0.00 1 1  
8 4 4 8 3 5 271 8.8864 271 8.8877 -0.00 1 3  
4 2 3 4 1 4 281 0.7307 2810.73 1 3  -0.0006 
2 0 2 1 0 I 2854 . 1 062 2854. l 069 -0.0007 
5 3 3 5 2 4 2863.7284 2863.7275 0.0009 
5 5 0 5 4 1 29 1 1 .4526 291 1 .454 J -0.001 5  
2 I 2 1 0 1 2940.9703 2940.9700 0.0003 
I I  6 5 1 1  5 6 2947.34 1 5  2947.3427 -0.00 1 2  
6 4 3 6 3 4 3014.5596 3014.5593 0.0003 
5 5 1 5 4 2 3073.7481 3073.748 0.0001 
5 5 0 5 4 2 3080.4030 3080.4036 -0.0006 
7 3 4 7 2 5 3086.3594 3086.3589 0.0005 
6 5 2 6 4 3 3 1 09.7757 3 1 09.7757 0.0000 
5 4 2 5 2 3 3 1 23.3337 3 1 23.3347 -0.00 1 0  
6 5 1 6 4 3 3 1 74.0656 3 1 74.0640 0.001 6  
1 0  7 3 1 0  6 4 3283.8832 3283.88 1 6  0.001 6  
7 5 3 7 4 4 3295.2889 3295.2892 -0.0003 
2 I 1 I 1 0 3322.9286 3322.9299 -0.001 3  
6 2 4 6 2 5 3364.5359 3364.5370 -0.00 1 1  
6 2 4 6 1 5 3374.5786 3374.579 -0.0004 
7 6 1 7 5 2 3391 .63 14  3391 .6322 -0.0008 
5 1 4 5 0 5 353 1 . 1 842 353 1 . 1 835 0.0007 
6 3 4 6 2 5 3547. 1 536 3547. 1 538 -0.0002 
7 4 4 7 3 5 3567.3480 3567.3483 -0.0003 
5 2 4 5 1 5 3571 .7975 3571 .7986 -0.00 1 1  
7 5 2 7 4 4 3600.2543 3600.2542 0.0001 
6 4 2 6 3 4 3628.4401 3628.4403 -0.0002 
6 6 0 6 5 I 3662.7222 3662.7241 -0.00 1 9  
1 3 1  
Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' ]" Ka " Kc" (MHz) (MHz) (MHz) 
7 6 2 7 5 3 3674.9238 3674.9228 0.001 0  
8 5 4 8 4 5 3678.0529 3678.0529 0.0000 
8 6 3 8 5 4 37 1 3 . 1 767 37 1 3 . 1 754 0.00 1 3  
6 6 I 6 5 2 3725. 1 546 3725.1565 -0.00 1 9  
9 4 5 9 3 6 3740.8426 3740.84 1 5  0.001 1 
9 7 2 9 6 3 3820.4871 3820.4867 0.0004 
7 5 3 7 3 4 3831 .4499 3831 .4564 -0.0065 
2 1 l 1 0 I 385 1 .7409 385 1 .74 1 5  -0.0006 
9 6 4 9 5 5 3916. 1 780 3916 . 1 789 -0.0009 
3 0 3 2 I 2 3964.5805 3964.5824 -0.00 1 9  
3 I 3 2 l 2 3987.4677 3987.4687 -0.00 1 0  
2 2 I I I 0 3998.5720 3998.57 1 5  0.0005 
3 0 3 2 0 2 4051.4441 4051 .4455 -0.001 4  
3 1 3 2 0 2 4074.331 1 4074.33 1 8  -0.0007 
3 I 2 2 2 I 4 1 55.6533 4 1 55.65 1 7  0.00 1 6  
2 2 0 1 1 0 4 1 63.8 1 30 4 I 63 .8 134 -0.0004 
8 7 I 8 6 2 4 I 90.1335 4 1 90 . 1 339 -0.0004 
1 1  8 3 1 1  7 4 4204.5037 4204.5046 -0.0009 
9 7 3 9 6 4 4249.7358 4249.7355 0.0003 
9 5 5 9 4 6 4250.3 104 4250.3 I 05 -0.0001 
7 2 5 7 I 6 4257.3573 4257.3564 0.0009 
8 4 5 8 3 6 4261 .0055 4261 .0055 0.0000 
1 0  7 4 1 0  6 5 4295.7828 4295.78 1 8  0.001 0  
2 2 I 1 I I 4302. 166I  4302. 1 660 O.OOOI 
7 3 5 7 2 6 43 1 0.3543 43 1 0.3543 0.0000 
8 7 2 8 6 3 43 1 0.6227 43 I0.6220 0.0007 
I O  6 5 IO  5 6 4323.6294 4323.6325 -0.003 I 
1 1  7 5 1 1  6 6 4521 .3025 4521 .3029 -0.0004 
3 2 2 2 2 1 4528.9207 4528.92 1 4  -0.0007 
1 0  8 2 J O  7 3 4672.9496 4672.9490 0.0006 
2 2 0 1 0 I 4692.6249 4692.6250 -0.0001 
1 1  8 4 1 1  7 5 4804. 1 996 4804 . 1 99 1  0.0005 
3 I 2 2 I 1 483 1 .2929 4831 .2932 -0.0003 
I O  8 3 I O  7 4 4870.5400 4870.5374 0.0026 
9 8 I 9 7 2 4939.2233 4939.2224 0.0009 
1 0  5 6 1 0  4 7 4958.9869 4958.9858 0.001 I 
9 3 6 9 2 7 4970.9234 4970.9223 0.001 1 
9 8 2 9 7 3 4984.090 1 4984.0904 -0.0003 
3 2 I 2 2 0 5006.44 1 4  5006.44 1 5  -0.0001 
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Quantum numbers Vobs Veale Vohs- Veale 
J' Ka' Kc' J" Kn " Kc'' (MHz) (MHz) (MHz) 
9 4 6 9 3 7 5031 .9234 5031 .9225 0.0009 
9 4 6 9 3 7 5031 .9240 5031 .9225 0.00 1 5  
8 2 6 8 I 7 5091 .8369 5091.8354 0.00 1 5  
8 3 6 8 2 7 5 1 05.6532 5 1 05.6533 -0.000 I 
4 I 3 3 2 I 5 1 1 3.0442 5 1 1 3.0455 -0.001 3  
3 2 2 2 I I 5204.5634 5204.5629 0.0005 
4 0 4 3 I 3 5 2 1 2.3009 52 12.30 1 1  -0.0002 
4 I 4 3 I 3 52 1 7.2470 521 7.2474 -0.0004 
5 3 3 4 4 0 523 1 .4665 5231 .4648 0.00 1 7  
4 0 4 3 0 3 5235. 1 865 5235.1 873 -0.0008 
4 I 4 3 0 3 5240. 1 342 5240. 1337 0.0005 
1 2  5 7 1 2  4 8 5439.4555 5439.4531 0.0024 
6 2 5 5 3 3 5565.0479 5565.0482 -0.0003 
1 2  6 7 1 2  5 8 5645.3236 5645.3234 0.0002 
1 0  9 I 1 0  8 2 5658.4490 5658.45 1 1  -0.002 1 
l I 4 7 1 1  3 8 5674.9255 5674.9259 -0.0004 
1 1  5 7 1 1  4 8 5740.5036 5740.5043 -0.0007 
4 I 3 3 2 2 5755.8074 5755.8075 -0.0001 
1 0  3 7 1 0  2 8 58 16.75 1 1  581 6.7506 0.0005 
3 l 2 2 0 2 5828.9277 5828.9279 -0.0002 
1 0  4 7 1 0  3 8 5833.4290 5833.4302 -0.00 1 2  
3 2 l 2 I l 5847.3250 5847.3250 0.0000 
4 2 3 3 2 2 5900. 1 1 22 5900. 1 1 29 -0.0007 
3 2 2 2 I 2 6 1 1 5.3342 6 1 1 5.3345 -0.0003 
4 l 3 3 I 2 6 129.0768 6 1 29.0772 -0.0004 
4 3 2 3 3 1 6252.5038 6252.5032 0.0006 
4 2 3 3 I 2 6273.3834 6273.3826 0.0008 
6 3 4 5 4 I 6292.0803 6292.0805 -0.0002 
3 3 I 2 2 0 6334.8 1 04 6334.8098 0.0006 
6 4 3 5 5 0 6395. 1 856 6395. 1 858 -0.0002 
3 3 0 2 2 0 640 1 . 72 1 1 6401 .7203 0.0008 
5 0 5 4 I 4 6428.5953 6428.5958 -0.0005 
5 I 5 4 I 4 6429.5600 6429.5576 0.0024 
5 0 5 4 0 4 6433.54 1 3  6433.542 1 -0.0008 
5 I 5 4 0 4 6434.5049 6434.5040 0.0009 
3 3 I 2 2 I 6500.0524 6500.05 1 7  0.0007 
1 2  4 8 1 2  3 9 6531 .2709 653 1 .27 18  -0.0009 
4 3 I 3 3 0 6554.9297 6554.9301 -0.0004 
3 3 0 2 2 l 6566.9632 6566.9623 0.0009 
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Quantum numbers · Vobs Veale Vobs- Veale 
]' Ka' Kc' ]" Ka" Kc'' (MHz) (MHz) (MHz) 
4 2 2 3 2 l 6681 . 1 3 1 5  668 1 . 1 3 1 6  -0.0001 
3 2 l 2 1 2 6758.0970 6758.0965 0.0005 
7 3 5 6 4 2 6778.3699 6778.3697 0.0002 
3 2 l 2 0 2 6844.96 1 7  6844.9596 0.0021 
5 2 3 4 3 I 6889.3297 6889.33 1 5  -0.001 8  
6 4 2 5 5 I 70 1 5.7212 70 1 5.7225 -0.00 1 3  
5 I 4 4 2 3 71 49.0475 7 1 49.0480 -0.0005 
5 2 4 4 2 3 7 1 90.6244 7 1 90.6249 -0.0005 
7 5 2 7 2 5 7222.7787 7222.7803 -0.00 1 6  
5 2 3 4 3 2 7258.6682 7258.6689 -0.0007 
5 1 4 4 1 3 7293.3533 7293.3533 0.0000 
5 2 4 4 1 3 7334.9306 7334.9303 0.0003 
6 0 6 5 1 5 7636.5872 7636.5870
. 0.0002 
6 I 6 5 1 5 7636.7649 7636.7622 0.0027 
6 0 6 5 0 5 7637.5486 7637.5489 -0.0003 
6 I 6 5 0 5 7637.7271 7637.7241 0.0030 
4 2 2 3 1 2 7697. 163 1  7697. 1633 -0.0002 
5 3 3 4 3 2 7730.8320 7730.83 1 7  0.0003 
7 4 4 6 5 1 7785.53 1 8  7785.5350 -0.0032 
5 4 2 4 4 1 7904.9443 7904.9438 0.0005 
4 1 3 3 0 3 7906.5598 7906.5596 0.0002 
6 2 4 5 3 2 79 12.9708 791 2.9696 0.0012 
4 3 l 3 2 1 7950.2089 7950.2090 -0.0001 
Table 1.8: BPlOO molecular cluster 
Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J" Ka" Kc'' (MHz) (MHz) (MHz) 
2 l 2 1 1 1 334 1 .6873 3341 .6835 0.0038 
2 0 2 1 0 l 3432.0659 3432.0647 0.00 12  
2 I 1 1 I 0 4258.8623 4258.8584 0.0039 
3 1 3 2 1 2 4826.8299 4826.8301 -0.0002 
3 0 3 2 0 2 4841 .9809 4841.9812 -0.0003 
3 2 2 2 2 1 5700.5 122 5700.5071 0.005 1 
3 1 2 2 1 I 5940.3257 5940.33 1 3  -0.0056 
4 1 4 3 I 3 6274.5627 6274.5649 -0.0022 
4 0 4 3 0 3 6276.1 286 6276. 1 3 1 6  -0.003 
3 2 1 2 2 0 6558.5906 6558.5875 0.003 1 
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Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J" Ka" Kc'' (MHz) (MHz) (MHz) 
4 2 3 3 2 2 7263.0486 7263.0533 -0.0047 
4 1 3 3 I 2 7332.8489 7332.8484 0.0005 
4 2 2 4 2 3 2383.4898 2383.4955 -0.0057 
9 6 4 9 4 5 45 14.0293 45 1 4.0229 0.0064 
6 2 4 6 2 5 4553.2091 4553.2037 0.0054 
6 3 3 6 3 4 3426.2487 3426.2436 0.005 1 
7 4 3 7 4 4 3280.2892 3280.2845 0.0047 
8 5 3 8 5 4 3054.55 1 2  3054.55 1 1  1 E-04 
4 3 2 4 l 3 2624.2732 2624.2682 0.005 
5 3 3 5 1 4 3554.7 1 2  3554.7 1 7  -0.005 
6 3 4 6 1 5 4559.7206 4559.7265 -0.0059 
7 3 5 7 1 6 5577.6544 5577.6576 -0.0032 
8 3 6 8 I 7 6596.1 742 6596. 1 73 1  0.001 1 
4 4 I 4 2 2 2322.1 207 2322.1243 -0.0036 
6 4 3 6 2 4 3561 .3083 3561 .3044 0.0039 
7 4 4 7 2 5 454 1 . 1 534 454 1 . 1 6 1 9  -0.0085 
8 4 5 8 2 6 5556.764 5556.7693 -0.0053 
9 6 3 9 6 4 2749.3274 2749.3287 -0.001 3  
5 5 1 5 3 2 2857.9894 2857.98 1 6  0.0078 
8 5 4 8 3 5 4522.8907 4522.8966 -0.0059 
9 5 5 9 3 6 5529.9452 5529.9496 -0.0044 
1 0  5 6 1 0  3 7 6550.529 6550.5307 -0.00 1 7  
I I 5 7 1 1  3 8 7570.3292 7570.3333 -0.0041 
6 6 I 6 4 2 3554.5798 3554.5829 -0.003 1 
1 0  6 5 1 0  4 6 5498.4965 5498.497 -0.0005 
1 1  6 6 1 1  4 7 65 1 8.3635 65 1 8.3545 0.009 
1 2  6 7 1 2  4 8 7540.55 3 1  7540.5563 -0.0032 
5 2 3 5 2 4 3507. 9 1 8  3507.9 1 78 0.0002 
4 1 3 4 I 4 3547.581 3547.5808 0.0002 
4 2 3 4 0 4 3559.505 3559.5053 -0.0003 
5 2 4 5 0 5 4574.4646 4574.4645 0.0001 
6 2 5 6 0 6 5592.8624 5592.8586 0.0038 
6 I 5 6 I 6 5592.73 1 8  5592.7277 0.004 1 
7 2 6 7 0 7 661 1 . 1 586 661 1 . 1 592 -0.0006 
5 I 5 4 I 4 7716.34 1 7  771 6.3396 0.002 1 
5 0 5 4 0 4 771 6.4783 771 6.476 0.0023 
1 2  8 5 1 2  6 6 5442.3909 5442.3926 -0.001 7  
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Quantum numbers Vobs Vea Ir Vobs- Veale 
J' Ka' Kc' J" Ka " Kc'' (MHz) (MHz) (MHz) 
1 1  7 5 1 1  5 6 5466.5022 5466.50 1 9  0.0003 
7 2 5 7 2 6 5576.8878 5576.8861 0.00 1 7  
9 3 6 9 3 7 6575.8525 6575.8503 0.0022 
9 3 7 9 1 8 7613.855 761 3.8528 0.0022 
8 I 7 8 I 8 7629.0843 7629.0867 -0.0024 
1 1  4 7 1 1  4 8 7570.1 293 7570. 1249 0.0044 
3 2 2 2 I 2 7397.6958 7397.6986 -0.0028 
Table 1.9: BP200 molecular cluster 
Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc'  J" Ka" K " c (MHz) (MHz) (MHz) 
2 1 2 I I I 2007.8521 2007.8591 -0.0070 
2 0 2 1 0 1 2052.6603 2052.6571 0.0032 
2 1 I 1 I 0 2 1 1 3 .0371 2 1 1 3.0363 0.0008 
3 1 3 2 1 2 3007.2 1 2 1  3007.2 127 -0.0006 
3 0 3 2 0 2 3060.5620 3060.56 1 5  0.0005 
3 2 2 2 2 1 3090.6585 3090.6575 0.00 1 0  
3 2 1 2 2 0 3 1 20.7410 3 1 20.7430 -0.0020 
3 1 2 2 l l 3 1 64.2500 3 1 64.2481 0.00 1 9  
4 1 4 3 I 3 4002.0207 4002.0237 -0.0030 
4 0 4 3 0 3 4051.4331 4051 .4325 0.0006 
4 2 3 3 2 2 4 1 1 4.7452 4 1 1 4.7462 -0.00 1 0  
4 3 2 3 3 1 4 1 34.4769 4 1 34.4773 -0.0004 
4 3 1 3 3 0 4 1 38.7942 4 1 38.7955 -0.00 1 3  
4 2 2 3 2 I 4 1 84.0762 4 1 84.0786 -0.0024 
4 I 3 3 I 2 4208.0627 4208.0601 0.0026 
5 1 5 4 1 4 4992 . 1 27 1  4992. I 295 -0.0024 
5 0 5 4 0 4 5029.4781 5029.4766 0.00 1 5  
5 2 4 4 2 3 5 1 33.7085 5 1 33.7076 0.0009 
5 4 2 4 4 I 5 1 68.2995 5 1 68.3023 -0.0028 
5 4 1 4 4 0 5 1 68.7487 5 1 68.75 1 5  -0.0028 
5 3 3 4 3 2 5 1 70.9900 5 1 70.9954 -0.0004 
5 3 2 4 3 1 5 1 85.6289 5 1 85.6288 0.0001 
5 1 4 4 1 3 5240.4396 5240.4353 0.0043 
5 2 3 4 2 2 5254.7420 5254.7429 -0.0009 
6 I 6 5 1 5 5978.0543 5978.0570 -0.0027 
6 0 6 5 0 5 6002. 1 903 6002 . 1895 0.0008 
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Quantum numbers Vobs Veale Vobs- Veale 
]' Ka' Kc' J" Ka'' Kc'' (MHz) (MHz) (MHz) 
6 2 5 5 2 4 6 1 46.5686 6 1 46.566 0.0026 
6 3 4 5 3 3 6206.6970 6206.6972 -0.0002 
6 4 3 5 4 2 6207.0079 6207.0062 0.00 1 7  
6 4 2 5 4 I 6208.99 1 8  6208.9927 -0.0009 
6 3 3 5 3 2 6243.3886 6243.3873 0.00 1 3  
6 1 5 5 l 4 6256.8653 6256.8592 0.0061 
6 2 4 5 2 3 6323.4458 6323.4463 -0.0005 
7 2 5 6 3 4 6344. 1 662 6344 . 1677 -0.001 5  
7 l 7 6 1 6 6960.7246 6960.7277 -0.0031 
7 0 7 6 0 6 6974.7034 6974.7042 -0.0008 
5 4 2 4 3 1 7002.2277 7002.2283 -0.0006 
7 2 6 6 2 5 7 1 52.7333 7 1 52.7292 0.004 1 
7 5 2 6 5 J 7239.3 1 90 7239. 3 1 92 -0.0002 
7 3 5 6 3 4 7239.6880 7239.6892 -0.001 2  
7 4 4 6 4 3 7247.5801 7247.5802 -0.0001 
7 4 3 6 4 2 7254.0127 7254.0104 0.0023 
7 1 6 6 1 5 7254.3723 7254.3664 0.0059 
7 3 4 6 3 3 73 1 3.9602 73 1 3.9566 0.0036 
7 2 5 6 2 4 7382.6906 7382.691 0  -0.0004 
6 2 4 5 0 5 78 14.5202 78 14.5235 -0.0033 
8 1 8 7 I 7 794 1 . 1 205 794 1 . 1 248 -0.0043 
8 0 8 7 0 7 7948.6492 7948.65 14  -0.0022 
Table 1.10: BP300 molecular cluster 
Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J" Ka" Kc" (MHz) (MHz) (MHz) 
3 0 3 2 0 2 20 1 1 .5590 201 1 .5 5 1 9  0.0071 
4 1 4 3 1 3 263 1 .4 1 50 263 1 .4 1 82 -0.0032 
4 0 4 3 0 3 2660.3581 2660.3558 0.0023 
4 2 2 3 2 1 2761 .7972 2761.7981 -0.0009 
4 1 3 3 l 2 2770.4596 2770.4642 -0.0046 
5 1 5 4 1 4 328 1 .5275 3281 .5226 0.0049 
5 0 5 4 0 4 3301 .4891 3301 .4875 0.00 1 6  
5 2 4 4 2 3 3378.1921 3378.1956 -0.0035 
5 2 4 4 2 3 3378.1 922 3378.1956 -0.0034 
5 3 3 4 3 2 3407.0027 3407.0055 -0.0028 
5 3 2 4 3 1 3420.3925 3420.3871 0.0054 
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Quantum numbers Vobs Veale Vobs- Veale 
J' Ka' Kc' J" Ka'' Kc' '  (MHz) (MHz) (MHz) 
5 l 4 4 l 3 3446.9354 3446.9376 -0.0022 
5 2 3 4 2 2 3468. 1 1 66 3468. 1 1 63 0.0003 
6 1 6 5 1 5 3928.8208 3928.8169 0.0039 
6 0 6 5 0 5 3940.5466 3940.5432 0.0034 
6 2 5 5 2 4 4043.0028 4043.0028 0.0000 
6 3 4 5 3 3 4088.7743 4088.7739 0.0004 
6 4 3 5 4 2 4090.6368 4090.6346 0.0022 
6 4 2 5 4 1 4092.7832 4092.7823 0.0009 
6 1 5 5 1 4 4 1 1 0.5854 4 1 1 0.5885 -0.003 1 
6 3 3 5 3 2 4 1 2 1 .5073 4 1 2 1 .5061 0.00 1 2  
6 2 4 5 2 3 4 1 70.5652 4 1 70.5667 -0.00 1 5  
7 1 7 6 I 6 4574.0993 4574.0953 0.0040 
7 0 7 6 0 6 4580.2904 4580.2902 0.0002 
7 1 7 6 0 6 4585.961 2  4585.9620 -0.0008 
7 2 6 6 2 5 4702.8149 4702.8148 0.0001 
7 1 6 6 1 5 4760.4524 4760.4535 -0.001 l 
7 3 5 6 3 4 4767.8888 4767.8881 0.0007 
7 4 4 6 4 3 4776.8646 4776.8626 0.002 
7 4 3 6 4 2 4783.7322 4783.7327 -0.0005 
7 3 4 6 3 3 483 1 .5619 4831 .5604 0.00 1 5  
7 2 5 6 2 4 4864.25 1 8  4864.25 1 8  0.0000 
8 1 8 7 1 7 52 1 8.0979 521 8.0958 0.0021 
8 0 8 7 0 7 522 1 . 1 487 522 1 . 1 527 -0.0040 
8 2 7 7 2 6 5357.8260 5357.8271 -0.00 1 1  
8 l 7 7 1 6 5400.1348 5400. 1 3 5 1  -0.0003 
8 3 6 7 3 5 5442.9524 5442.9504 0.0020 
8 5 4 7 5 3 5457.29 1 1  5457.2846 0.0065 
8 5 3 7 5 2 5458.3457 5458.3461 -0.0004 
8 4 4 7 4 3 548 1 . 1 3 1 5  5481 . 1 290 0.0025 
9 0 9 8 0 8 5862.8036 5862.8041 -0.0005 
9 2 8 8 2 7 6008.69 1 0  6008.6932 -0.0022 
9 1 8 8 1 7 6035.8435 6035.8456 -0.002 1 
9 3 7 8 3 6 6 1 1 2.9389 6 1 1 2.9386 0.0003 
9 3 7 8 3 6 6 1 1 2.9389 6 1 1 2.9386 0.0003 
9 6 4 8 6 3 6 1 36.4962 6 1 36.5031 -0.0069 
9 6 3 8 6 2 6 1 36.6398 6 1 36.6398 0.0000 
9 5 5 8 5 4 6145.35 1 3  61 45.3520 -0.0007 
9 5 5 8 5 4 6145.35 13  6 1 45.3520 -0.0007 
9 5 4 8 5 3 6148.6723 6 1 48.67 1 3  0.0010 
138  
Quantum numbers Vobs Veale Vobs- Veale 
J' Kn' Kc' J" Kn'' Kc'' (MHz) (MHz) (MHz) 
9 5 4 8 5 3 6 1 48.6723 6 1 48.6713 0.00 1 0  
9 4 6 8 4 5 6 1 49.1 607 6 1 49. 1 624 -0.00 1 7  
9 4 6 8 4 5 6 1 49 . 1 607 6 1 49 . 1 624 -0.00 1 7  
9 4 5 8 4 4 6 1 87.2565 6 1 87.2533 0.0032 
9 2 7 8 2 6 62 12 .9 1 37 6212.9147 -0.001 0  
1 0  0 1 0  9 1 9 6503.7222 6503.7238 -0.001 6  
1 0  1 1 0  9 I 9 6504.2391 6504.2400 -0.0009 
1 0  0 1 0  9 0 9 6504.8959 6504.8976 -0.001 7  
1 0  I 1 0  9 0 9 6505.4060 6505.4 139 -0.0079 
1 0  2 9 9 2 8 6656.3470 6656.3480 -0.001 0  
10 1 9 9 I 8 6672.0602 6672.0623 -0.002 1 
10  3 8 9 3 7 6777.3386 6777.3356 0.0030 
1 0  6 5 9 6 4 6823.9443 6823.9477 -0.0034 
1 0  6 4 9 6 3 6824.4467 6824.4469 -0.0002 
1 0  4 7 9 4 6 6832.3984 6832.4041 -0.0057 
1 0  5 6 9 5 5 6834.6226 6834.6258 -0.0032 
1 0  5 5 9 5 4 6843.4 1 38 6843.4096 0.0042 
10 2 8 9 2 7 6864.3262 6864.3260 0.0002 
I I  I 1 1  1 0  I 10 7 1 46.9179 7 1 46.9182 -0.0003 
1 1  0 1 1  1 0  0 1 0  7 1 47.2104 7 1 47.2 1 1 0  -0.0006 
1 1  2 1 0  1 0  2 9 7301 .7679 7301.7651 0.0028 
1 1  I 1 0  1 0  I 9 731 0.2174 7310.2154 0.0020 
1 1  3 9 1 0  3 8 7436 . 1836 7436.1 800 0.0036 
1 1  2 9 1 0  2 8 7503 . 1 4 1 9  7503 . 1 408 0.00 1 1  
1 1  4 8 I O  4 7 751 1 .6765 75 1 1 .6832 -0.0067 
1 1  6 6 1 0  6 5 751 3.0404 751 3.0406 -0.0002 
1 1  6 5 1 0  6 4 75 14.5827 7514.5802 0.0025 
I I  5 6 1 0  5 5 7544.5662 7544.5605 0.0057 
1 1  4 7 1 0  4 6 7623.3833 7623.3906 -0.0073 
12  I 1 2  1 1  I I I  7789.4976 7789.4953 0.0023 
1 2  0 1 2  1 1  0 1 1  7789.623 1 7789.6233 -0.0002 
1 6  3 14  15  4 1 1  785 1 . 5 )  36 785 1 . 5 1 42 -0.0006 
12  2 1 1  1 1  2 1 0  7945.7719 7945.7670 0.0049 
12  I 1 1  1 1  I 1 0  7950.0854 7950.08 1 1  0.0043 
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Table 1 . 11 :  BP400 molecular cluster 
Quantum numbers Vohs Vcftle Vohs- Veale 
J' Ka' Kc ' J" Ka'' Kc'' (MHz) (MHz) (MHz) 
2 1 2 1 1 1 2938.5193 2938.5 1 84 0.0009 
2 0 2 1 0 l 2966.9985 2966.9972 0.001 3  
2 l l I 1 0 3040.35 1 4  3040.3462 0.0052 
3 I 3 2 1 2 4395.7024 4395.7027 -0.0003 
3 0 3 2 0 2 441 3.3032 441 3.3039 -0.0007 
3 2 2 2 2 I 4483.9923 4483.9926 -0.0003 
3 I 2 2 I l 454 1 .4716  4541 .4700 0.0016 
3 2 1 2 2 0 4554.7630 4554.7680 -0.0005 
4 I 4 3 I 3 5845.4781 5845.4795 -0.0001 
4 0 4 3 0 3 5852.26 1 2  5852.2626 -0.000 l 
4 2 3 3 2 2 5960.0469 5960.0449 0.0002 
4 3 2 3 3 l 6009.6328 6009.6360 -0.0003 
4 I 3 3 I 2 6013.85 1 8  601 3.8499 0.0019  
4 2 2 3 2 I 6084.6 1 1 3 6084.6 1 1 9 -0.0006 
5 I 5 4 l 4 729 l . 1 238 729 1 . 1 247 -0.0009 
5 0 5 4 0 4 7293 . 1 633 7293 . 1 638 -0.0005 
5 2 4 4 2 3 7423.5 1 03 7423.5053 0.0005 
5 l 4 4 l 3 7457.2498 7457.2476 0.0022 
5 3 3 4 3 2 7504.0486 7504.0529 -0.0004 
5 4 2 4 4 I 7521 .7326 752 1 .7339 -0.0001 
5 4 l 4 4 0 7534.4559 7534.4525 0.0034 
5 2 3 4 2 2 7590.5979 7590.6038 -0.0006 
5 3 2 4 3 1 7591 .9790 7591 .9750 0.0004 
Table 1.12: BPSOO molecular cluster 
Quantum numbers Vohs Veale Vohs- Veale 
J' Ka' Kc' J" Ka '' Kc' '  (MHz) (MHz) (MHz) 
3 1 3 2 I 2 4362.0300 4362.0304 -0.0004 
3 0 3 2 0 2 4378.8756 4378.8773 -0.00 1 7  
3 I 2 2 1 I 4457.9087 4457.9074 0.00 1 3  
4 I 4 3 1 3 5807.1 944 5807. 197 1  -0.0027 
4 0 4 3 0 3 58 1 5.8 162 58 1 5.8 1 50 0.00 1 2  
4 3 I 3 3 0 5921 .0400 5921 .0363 0.0037 
4 I 3 3 l 2 5924.1 084 5924 . 1062 0.0022 
4 2 2 3 2 l 5954. 1458 5954. 1480 -0.0022 
4 3 I 3 2 1 6222.0972 6222.0984 -0.00 1 2  
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Quantum numbers Vohs VcHlc Vohs- Veale 
J' Kn' Kc' J" Kn" Kc'' (MHz) (MHz) (MHz) 
5 I 5 4 1 4 7249. 1 2 1 0  7249 . 1 228 -0.001 8  
5 0 5 4 0 4 7252.5268 7252.5233 0.0035 
5 2 4 4 2 3 7336.7271 7336.7340 -0.0069 
5 1 4 4 1 3 7372.08 1 8  7372.0780 0.0038 
5 3 3 4 3 2 738 1 . 1 999 738 1 . 1 977 0.0022 
5 3 2 4 3 I 7422.2840 7422.2875 -0.0035 
5 2 3 4 2 2 7442.4726 7442.4703 0.0023 
1 4 1  
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VF . . .  Ne dimer study 
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II. I). VF .. .  Ne dimer 
Initially several high intensity frequencies that were not assigned from VF+C02 
and VF-only scans were found. Then the Stark effect measurements were collected for 
them and predicted related frequencies in line and assigned them (Table II. I ).1.2 A 
spectrum related to the VF . . .  Ne dimer molecular cluster was extracted from the VF-only 
scan (see 3. II. A for more details) obtained from the CP-FTMW spectrometer at the 
University of Virginia and also with the help of Balle-Flygare FTMW spectrometer at the 
Eastern I l l inois University.3•4•5 
Table II.1: Experimental and Calculated rotational transition frequencies and their 
differences for the VF ... Ne cluster 
Quantum numbers Experimental Calculated Ex pt-Cale 
J' Ka' Kc' J" Ka" Kc" frequencies frequencies Frequencies 
(MHz) (MHz) (MHz) 
I 0 I 0 0 0 5 147.5534 5 147.55 1 8  0.0016 
3 0 3 2 1 2 7544. 7 1 98 7544.7227 -0.0029 
2 I 2 1 l 1 9725.0600 9725.06 1 3  -0.001 3  
2 0 2 I 0 1 1 0266.7500 1 0266.7470 0.0030 
2 I 1 1 1 0 1 08 1 0.0200 1081 0.0200 0.0000 
I I I 0 0 0 1 3473.98 1 0  1 3473.9820 -0.00 I 0 
3 I 3 2 1 2 14566.4400 14566.4400 0.0000 
3 0 3 2 0 2 1 5329.4700 1 5329.4670 0.0030 
3 I 2 2 I I 1 6 1 89.0000 1 6 1 89.0000 0.0000 
2 I 2 l 0 I 1 805 1 .4900 1 805 1 .4920 -0.0020 
A possible structure for assigned VF . . .  Ne cluster was found with the ABCluster 
force field approach (Fig. I I . 1).6•7 The spectroscopic parameters of the assigned VF . . .  Ne 
cluster and the predicted structure has been compared in Table 11.2. When comparing the 
Pee of these structures, both values are very small showing there is low mass distribution 
along the c axis of the molecule. Even though the Pee agree, there are several mismatches 
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that can be seen among the parameters. Hence, more structural optimizations are needed 
to find the best structural match for the VF . . . Ne cluster. 
Figure ll.1: Predicted structure for VF ...  Ne dimer 
Table ll.2: Comparison of the experimental and predicted spectroscopic parameters 
for VF . . .  Ne molecular cluster 
Parameter 
Experimental Predicted constants for 
constants for VF . . .  Ne VF . . .  Ne 
A / MHz 1 1 04 1 .5(8) 10579.l 
B I MHz 2845.9077(2 1 )  2625.2 
C / MHz 2302.2822(2 1 )  2 146.2 
A, / MHz 0.1 5953(20) 
!!..Jg/ MHz 5.9336(20) 
6.x l MBz - 142.52(74) 
d1 l kHz 35.81 8(68) 
K -0.876 
P0J amu Az 1 75.6612(37) 190.1 
Pb,,! amu Az 43.85 1 0(37) 45.4 
PcJ amu A2 l .9 197(37) 2.4 
µJ D Strong l .O 
µ,,I D Strong 1.2 
µJ D Weak 0.5 
RMS/ kHz 1 .8 
# of lines 1 0  
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